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Abstract
The present Thesis investigates the quasi-static and cyclic-fatigue properties of nano-
modified epoxy polymers. A diglycidyl ether of bisphenol-A was used as the base
epoxy and polymer-based materials, block copolymers and core-shell rubber particles
were used as the toughening agents. The morphologies formed by the tougheners were
determined and the associated fracture and fatigue properties, including the toughening
mechanisms, were investigated. The modified epoxy polymers with some of the best
properties are described below.
The unmodified epoxy polymer had a fracture energy, GIc, of 494 J/m
2 and this was
increased to 2380 J/m2, when 10 wt.% of a polyurethane toughener was employed. This
modified epoxy polymer possessed a second-phase morphology, which was a nano-sized
‘worm-like’ structure. This nano-phase debonded from the epoxy, which enabled plastic
void growth to occur in the epoxy polymer. This mechanism also led to an increase
in the cyclic-fatigue threshold fracture energy, Gth, from 153 J/m
2 of the unmodified
epoxy to 444 J/m2.
Nano-sized core-shell rubber particles (either 100 nm or 200 nm nominal diameters)
were employed and they formed a well dispersed rubbery particulate phase. A max-
imum fracture energy of 2540 J/m2 was observed and the particles were found to
undergo internal cavitation that induced plastic void growth. However, only the rela-
tively large particles were able to cavitate under the cyclic-fatigue loading. Hence only
these type of particles led to a meaningful increase in the fatigue threshold, Gth.
‘Hybrid’ epoxy polymers contained a polymer based toughener and core-shell rubber
particles. Several of these hybrid formulations gave very significant improvements in
both values of GIc and Gth. For example, one based upon a polyurethane and styrene-
butadiene-core/functionalised polymethylmethacrylate-shell particles gave a value of
2570 J/m2 and 438 J/m2 for GIc and Gth, respectively.
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Chapter 1
Introduction and Aims
1.1 Background
Epoxy polymers are used extensively for many applications, such as electronic compo-
nents, high-performance composite materials in automotive/aerospace industries or as
structural adhesives [1]. Their high modulus, good thermal/electrical insulation, good
adhesion and good chemical resistance are a few examples of the well known properties
[1]. However, epoxy polymers are also well known to be very brittle materials as they
are typically highly cross-linked. Early work on epoxy polymers showed that they can
be toughened using various types of modifiers [2], such as rubbery or glassy particles.
Nevertheless, such modifiers rarely also lead to a significant increase in the cyclic-
fatigue behaviour of the toughened epoxy polymers. More recently, many modifiers
have been suggested (see Chapter 2), which give a nano-sized secondary phase. It was
considered to be of particular interest to explore whether such modifiers could not only
increase significantly the toughness of a typical epoxy polymer, but also to give major
benefits in terms of the cyclic-fatigue behaviour of the modified epoxy polymer.
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1.2 Aims and Objective
The principal aim of this PhD project was to identify the toughening mechanisms
induced by various modifiers, also termed ‘tougheners’, in bulk epoxy polymers. Nu-
merous toughening agents were employed to alter the properties of an epoxy polymer.
The characterisation of the morphologies formed, and the material properties will be
determined by undertaking appropriate tests and analyses. For the fracture proper-
ties, quasi-static and cyclic-fatigue loading conditions are considered. The toughening
mechanisms induced by the tougheners under these two loading conditions will be in-
vestigated by studying the fracture surfaces. The influence of the tougheners on the
morphologies, material properties, fracture properties and toughening mechanisms will
be identified and discussed.
The main objectives of this project are to:
1. identify the morphologies formed by the addition of different tougheners;
2. characterise the quasi-static and cyclic-fatigue fracture properties of modified
epoxy polymers;
3. determine the toughening mechanisms under quasi-static and cyclic-fatigue load-
ing conditions;
4. identify the relationships between the toughening mechanisms and the morpholo-
gies.
14
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1.3 Thesis Structure
The literature relevant to the present study will be reviewed in the next Chapter,
‘Literature Review’, where the theory of fracture mechanics will be briefly described
followed by general information on epoxy polymers. Different types of tougheners
will be discussed along with the known toughening mechanisms under quasi-static and
cyclic-fatigue loading conditions.
Chapter 3, ‘Materials’, will present the details of the epoxy polymer and the tougheners
investigated in the present Study. This is followed by the ‘Experimental Methods’
Chapter, where the methodologies of the experiments and analyses are described.
The results will be presented in Chapters 5 to 11. Firstly, the ‘Unmodified Epoxy
Polymer’ Chapter establishes the properties of the epoxy polymer that is to be modified
in the following Chapters. Chapters 6, 7 and 8 then discuss the properties of modified
epoxy polymers containing polymer-based tougheners, block copolymers and core-shell
rubber particles, respectively. Chapters 9 to 11 present the results and discussions
for the hybrid toughened epoxy polymers that contain both a type of polymer-based
toughener and core-shell rubber particles.
The Thesis concludes with ‘Conclusions and Future Work’ Chapter, where all the main
conclusions and important properties from Chapters 5 to 11 are summarised, compared
and contrasted; and where recommendations for future work are also presented.
15
Chapter 2
Literature Review
2.1 Introduction
For the past few decades, a considerable amount of research has been undertaken on
the properties of epoxy polymers. The present Chapter describes the basic theory of
fracture mechanics and provides general information on epoxy polymers. The literature
with respect to the quasi-static and fatigue fracture properties of epoxy polymers is
reviewed, with a specific focus on the types of toughening modifiers and the associated
toughening mechanisms that have been previously studied.
2.2 Theory of Fracture Mechanics
All materials inevitably contain flaws and therefore the stress required to fracture a
material is always lower than the theoretical value, which assumes that the material is
flawless. Griffith [3] recognised that there is a distribution of defects within a material,
which act as stress concentrations and failure occurs at the largest of them. There are
16
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two main approaches to determine the fracture energy: (i) the energy balance approach
and (ii) the stress intensity factor approach.
2.2.1 Energy Balance Approach
Griffith [3] suggested that the energy available for crack growth should be equal to
or exceed the energy required to produce a new pair of surfaces associated with an
increment of crack growth, ∂a. This can be expressed as [3]:
1
B
· ∂U
∂a
≥ 2γ (2.1)
where B is the sample thickness, U is the potential energy stored in the sample and
γ is the free surface energy. However, experimental results showed that the actual
energy required to create a new pair of surfaces was much greater than that predicted
by Griffith. This was due to the fact that Griffith’s model ignores any local plasticity
at the crack tip, which makes Equation 2.1 only valid for perfectly brittle materials
[3].
Orowan and Irwin [4] argued that additional energy due to local plastic deformation at
the crack tip should also be considered. This led to the term strain energy release rate,
G, which is defined as the amount of energy released during a unit increment of crack
length per unit thickness [3], i.e. it is the sum of the surface and the plastic energies.
The critical amount of energy required for crack growth (also known as the fracture
energy), Gc, now can be written as [4]:
1
B
· ∂U
∂a
≥ Gc (2.2)
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If the material is linear elastic, this Gc can be deﬁned as [5]:
Gc =
Pc
2
2B
· ∂C
∂a
(2.3)
where C and Pc are the sample compliance and the critical load at fracture, respec-
tively.
2.2.2 Stress Intensity Factor Approach
The stress intensity factor approach is an alternative method to the energy balance
approach. This method was put forward by Irwin [2] and considers the stress ﬁeld in
the vicinity of a crack tip. Figure 2.1 illustrates a case where an inﬁnite plate subjected
to an uniform stress [3].
? ?
??
?????
??
Figure 2.1: An inﬁnite plate subjected to an uniform stress [3].
By employing a polar coordinate system at the crack tip, the stress ﬁeld ahead of the
crack tip can be expressed as [5]:
σ(θ, r) =
1√
2πr
· f(θ) · σ√πa (2.4)
where the ﬁrst term, 1/
√
2πr, represents the singularity, which means that the stress
tends to inﬁnity as the radial distance approaches zero; and f(θ) is a trigonometric
function describing the variation of the stress with respect to the angle. The last term,
18
Chapter 2: Literature Review
σ
√
pia, represents the remote stress and is therefore not dependent on the angle or the
radial distance. This remote stress determines the magnitude of the stress field at the
crack tip [3] and is the definition of the stress intensity factor, K. Irwin [3] defined
the critical stress intensity factor (also known as the fracture toughness), Kc, using a
geometric coefficient, Y , as:
Kc = Y σc
√
a (2.5)
where σc is the critical stress. The following Section will describe how Kc is related to
Gc.
2.2.3 Relationship Between Gc and Kc
Both the fracture energy, Gc, and the fracture toughness, Kc, of a polymeric material
are commonly quoted in practice and the two properties can readily be related. The
most commonly encountered mode of fracture is the tensile opening mode, which is
also known as a ‘mode I’ loading condition. Only mode I tests will be considered in
the present study, as the least amount of energy is required for crack growth in this
mode when compared to other types of shear loading modes. The mode I critical stress
intensity factor, KIc, can be related to the mode I critical strain energy release rate,
GIc, using Equations 2.6 and 2.7 [6]:
GIc =
K2Ic
E
for plane stress, and (2.6)
GIc =
K2Ic(1− ν2)
E
for plane strain, (2.7)
where E is the Young’s modulus and ν is the Poisson’s ratio.
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2.2.4 Plastic Yield Zone Ahead of Crack Tip
The concepts of linear elastic fracture mechanics (LEFM) may strictly only be ap-
plied to those materials which obey Hooke’s law, where the stress is proportional to
infinitesimal strains [5]. In many materials, the stress experienced at the crack tip
will be greater than the yield strength and hence, a local plastic yield zone will exist.
However, LEFM analysis can still be applied to such materials which exhibit inelastic
deformations around the crack tip, providing that such deformations are confined to
the immediate vicinity of the crack tip [3].
The radius of the plastic zone ahead of the crack tip can be calculated via [7]:
ry =
1
2pi
[
Kc
σy
]2
for plane stress, and (2.8)
ry =
1
6pi
[
Kc
σy
]2
for plane strain (2.9)
where σy is the tensile yield strength. The plastic yield zone radius ahead of the crack
tip varies through the thickness of a sample as illustrated in Figure 2.2. At the edge of
the sample, a plane stress condition is present and the plastic zone radius is greater. In
the middle of the sample, plane strain conditions are fulfilled, due to the dimensional
constraints and the plastic yield zone is relatively smaller.
The values of KIc and GIc should only strictly be quoted for plane strain conditions.
This is because the size of the plastic yield zone is smaller, i.e. less plastic deformation
occurs, and the fracture toughness/energy values measured are therefore lower and
are more conservative than for plane stress conditions. The experiments employed to
measure KIc values need to ensure that the sample is sufficiently thick to meet plane
strain conditions, and more details are given in Chapter 4.
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Figure 2.2: Illustration of the plastic yield zone radius ahead of a crack tip varying along the thickness.
2.2.5 Fatigue Fracture
As polymeric materials become more commonly used as engineering materials,the fa-
tigue properties of the polymers must be fully understood. Fatigue failure is particu-
larly dangerous, because [2]:
(i) failure occurs at a much lower stress level under cyclic-fatigue loading than
the measured quasi-static fracture toughness or fracture energy values;
(ii) defects are difficult to detect as cracks grow slowly until they reach
a critical length after which the material may fail catastrophically.
Since metallic materials have a relatively longer history than polymeric materials, the
fatigue behaviour of common metals, especially the likes of steel and aluminium alloys
used for structural applications, is well known. Unfortunately, the fatigue character-
istics of epoxy polymers are only partially understood. Therefore, the present project
focuses on the behaviour of epoxy polymers under cyclic-fatigue loading, especially
when they incorporate toughening modifiers.
The rate of fatigue crack growth per cycle, da/dN , can be characterised with the
following relationship [5]:
da
dN
= D∆Km (2.10)
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where D and m are material constants and ∆K is the difference between the maximum
and the minimum applied stress intensity factor in a fatigue cycle, i.e. ∆K = Kmax −
Kmin. Furthermore, there generally exists an fatigue threshold fracture toughness or
energy, Kth or Gth. The latter may be defined as the minimum level of energy required
for crack propagation under cyclic loading. A schematic result of a fatigue test is shown
in Figure 2.3, where the crack growth rate per cycle is plotted against the maximum
fracture energy in a fatigue cycle, Gmax, using a logarithmic scale. Considering the full
relationship, the curve can be divided into three regions:
log
(d
a/
dN
) [
mm
/c
yc
le]
m
log(G      ) [J/m  ]2  max
G      = G thmax
(i)
(ii)
(iii)
max IcG      ≈ G
Figure 2.3: A schematic result of a fatigue test.
(i) threshold region, below which the crack does not propagate and the Gmax
value corresponds to the threshold fracture energy, Gth;
(ii) linear propagation region, where log(da/dN) is linearly proportional
to log(Gmax) and the gradient is m; and
(iii) crack initiation region, where Gmax is approximately equal to
the mode I fracture energy, GIc.
The threshold fracture energy is of particular interest to engineers, since the fatigue
crack will not propagate any further below this value. Therefore, the present study will
investigate the threshold values, Gth, of the modified epoxy polymers and endeavour to
understand the toughening mechanisms associated with different morphologies. The
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cyclic fatigue behaviour of polymeric materials is described in more detail in Section
2.7.
2.3 Epoxy Polymers
Polymeric materials play a major role in everyone’s life, and are widely used for every-
day domestic goods to engineered high-performance products. Polymers are organic
materials that characteristically have carbon backbones and can be classified into three
major groups as shown in Figure 2.4 [5]:
Polymers
Thermoplastics Thermosets Elastomers
Crystalline Amorphous
Figure 2.4: Classes of polymeric materials [5].
Thermoplastics will soften upon heating and will eventually melt. This type of
polymer can be either crystalline, where polymer chains are arranged in a periodic and
repeating pattern; or amorphous, where chains are randomly packed;
Thermosets, on the other hand, are all amorphous and do not melt when heated.
The chains form a complex three-dimensional network via ‘cross-links’, and this makes
thermosetting polymers relatively brittle but heat resistant;
Elastomers, often called rubbers, are amorphous and are lightly cross-linked. Rubbers
have relatively low (usually sub-zero) glass transition temperatures and show high
values of elongation prior to failure.
Epoxies are highly cross-linked thermosetting polymers that are used extensively in
applications such as coatings, structural adhesives, matrices in composite materials and
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electrical insulators [2, 5, 8]. The main advantages of epoxy polymers are a relatively
high tensile modulus, low shrinkage, excellent electrical/chemical resistance, high in-
service temperature and low creep [2, 8]. A commonly used type of commercial epoxy
is digylcidyl ether of bisphenol-A (DGEBA) and the molecular structure is shown in
Figure 2.5.
CHCH2 CH2
OH
n
CH2 CH2
O
CH OO C
CH3
CHCH2
O
CH2
CH3
OO C
CH3
CH3
Figure 2.5: Molecular structure of DGEBA [5].
The term n represents the number of the repeat units and n is typically 4∼10 for com-
mercial DGEBA epoxies and the corresponding molecular weight is 340∼3000 g/mol
[9]. An epoxide group, as shown in Figure 2.6, can be found on either end of the
DGEBA chain. An epoxide group is highly reactive and can chemically bond to other
materials by opening up the oxirane ring [8]. The term ‘functionality’ can be defined
as the number of reactive sites in a chain, and DGEBA has a functionality of two as it
contains one epoxide group on either end of the chain.
CH2
O
CH R
Figure 2.6: Molecular structure of an epoxide group [2].
The epoxy equivalent weight (EEW) is the weight of the resin that contains the equiv-
alent of one epoxide group [10] and is used to calculate the stoichiometric amount
of cross-linking agents [11]. EEW has the units of g/mol and the EEW of a difunc-
tional (i.e. having two epoxide groups per molecular chain) epoxy can be estimated by
dividing the molecular weight by two [10].
One of the disadvantages of epoxy polymers is their typical brittleness due to a high
cross-link density. Cross-links raise the tensile modulus and the glass transition tem-
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perature of the thermosetting material by inhibiting the movements of the chains.
However, as the sliding of the chains is restricted by the cross-links, the material ex-
periences less plastic deformation and therefore is relatively brittle. Because of their
brittleness, unmodified epoxy polymers have a limited use and are almost always tough-
ened by adding different types of modifiers, as described below.
2.4 Toughening with Rubbery Particles
The toughness of epoxy polymers can be increased by the incorporation of a rubbery
phase and modified epoxy polymers have been studied in great detail by previous
researchers [2, 12–27]. There are various types of rubbery materials available and
various methods that may be employed to incorporate a rubbery particulate phase in
an epoxy matrix. One of the earlier methods was to use a soluble rubber, whereby
the rubber and the epoxy resin are mixed to give a homogeneous solution prior to
curing and rubber particles are formed via phase separation during the curing process
[28]. A relatively new technique involves mixing of preformed rubbery particles, which
maintain their shape and size during the curing process. Also, a careful selection
of block copolymers with a specific molecular structure can produce rubbery phases,
which may be spherical in nature but may also form complex nano-structures [29]. The
influence of such rubbery phases on the fracture behaviour of the epoxy polymers and
the associated toughening mechanisms will be described in the following Sections.
2.4.1 Soluble Rubber Modifiers
To create a secondary phase of rubber particles, a rubber which is soluble in epoxy resins
based on carboxyl terminated butadiene-acrylonitrile (CTBN) or amine-terminated
butadiene-acrtlonitrile (ATBN) [5, 13, 19, 22, 30–32] may be used. The relatively low
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molecular weight rubber is soluble when initially mixed with the epoxy resin prior to
curing and phase separates in situ during curing [28]. Figure 2.7 shows the results of
such phase separation of the soluble rubbers, where rubbery particles are clearly visible
in the epoxy polymer.
Figure 2.7: TEM image of CTBN rubber particles dispersed in epoxy polymer [17].
Rubber-modified epoxies can increase the fracture energy by typically 10∼20 times
[18, 19, 22, 27], but may reduce other mechanical/thermal properties. For example,
since rubbers have a much lower tensile modulus, the modulus of the rubber-modified
epoxy polymer may be decreased and the magnitude of the decrease depends on the
type and the weight percentage of the rubber toughener present. The glass transition
temperature, Tg, of the rubber-modified epoxy may also be decreased significantly if the
liquid rubber does not phase separate completely but remains in solution in the epoxy
[17, 30, 33]. This is one of the major disadvantages of using a soluble rubber. Another
disadvantage is the fact that it is difficult to control the size and morphology of the
particles, as these features depend on the chemistry of the rubber/epoxy and the curing
conditions [33, 34]. Therefore, if a high Tg value is required, it is important to choose
a type of rubber and a curing procedure that promotes complete phase separation of
the rubber toughener. The toughening mechanisms of such rubber-modified epoxies
will be described in Section 2.5.
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2.4.2 Core-shell Rubber (CSR) Particles
‘Core-shell rubber’ (CSR) particles were developed to overcome the disadvantages asso-
ciated with the soluble rubber toughening approach. CSR particles consist of a rubbery
core and a rigid shell, as Figure 2.8(a) illustrates, and they are preformed prior to mix-
ing into the epoxy resin, which is the major difference from the soluble rubber approach
[33, 35]. The core is formed of a rubbery material, e.g. polybutylacrylate, polybuta-
diene or styrene-butadiene copolymer, and the shell commonly consists poly(methyl
methacrylate) (PMMA) [30, 35–37]. Figure 2.8(b) presents a scanning electron micro-
scope image of poly(butyl methacrylate)-core/PMMA-shell particles and it can be seen
that the diameter of the spherical particles is very consistent. The shell is commonly
functionalised to promote strong chemical bonding with the epoxy polymer matrix
[38].
The properties of CSR-modified epoxy systems have been previously investigated [30,
33, 35–37, 39–44]. Giannakopoulos et al. [43] investigated the influence of three dif-
ferent types of CSR particles (i.e. with styrene-butadiene, polybutadiene and siloxane
cores) on the toughness of an epoxy polymer. Their results showed that 9 wt.% of
CSR particles were able to increase the fracture energy of the epoxy polymer, by up
to about 670% [43]. Other studies [30, 36, 37, 39, 40] have reported similar findings,
although the magnitude of toughening achieved showed some variation depending on
several factors, such as the type of the epoxy polymer and the weight content of the
CSR particles. The toughening mechanisms associated with the CSR particles will be
discussed in Section 2.5.
One of the well known advantages of CSR particles over using a traditional soluble
rubber toughener is the fact that the final number and the size of the rubbery particles
may be better controlled [34]. The rubbery core is encapsulated in a rigid shell and
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Rigid ShellRubbery Core
(a) Illustration of a CSR particle.
500 nm
(b) SEM image of poly(butyl methacrylate)-
core/PMMA-shell particles [44].
Figure 2.8: Core-shell rubber particles.
therefore, the final number and the size are insensitive to the curing conditions [34]. In
addition, for the same reasons, the glass transition temperature of the epoxy polymer is
insensitive to the inclusion of the CSR particles. It is highly unlikely that the rubbery
core will break out of the rigid shell and dissolve into the epoxy polymer, thereby
decreasing its Tg. Becu et al. [36] showed that the Tg was effectively unchanged from
the neat epoxy polymer when different weight contents of CSR particles were added.
Similar results were reported by other researchers [40, 42, 43].
2.4.3 Block Copolymers
An alternative method of introducing a rubbery phase into the epoxy polymers is
through the use of self-assembling block copolymers. A block copolymer consists of
two or more distinctive homopolymer blocks [5], as illustrated in Figure 2.9. While
the soluble rubber phase separates in situ to form spherical particulates, and while a
CSR is already preformed into spherical particles, block copolymers can be assembled
into several complex shapes [5, 29, 45, 46]. Block copolymers are usually amphiphilic,
meaning they are made up of an epoxy-miscible block as well as an epoxy-immiscible
block [45, 46]. As for the functional PMMA-shell of the CSR particles, the epoxy-
28
Chapter 2: Literature Review
miscible block can be functionalised so that the reactive groups form strong covalent
bonds with the epoxy polymer for a strong interfacial adhesion [5, 47]. In addition,
these covalent bonds provide constraints that prevent the macroscopic phase separation
of the block copolymer in the epoxy [5].
i
ii
iii
Figure 2.9: Simple structure of a tri-block copolymer, showing three distinctive blocks [48].
Depending on many factors, such as the types of the blocks, volume fraction in the
epoxy, curing agent and curing temperature, the block coploymers can be arranged
into specific shapes during curing [49]. For example, a spherical micelle, a spherical
vesicle, and a worm-like micelle are schematically illustrated in Figure 2.10.
(a) Spherical micelle and vesicle [50].
Epoxy-immiscible 
blocks (blue)
Epoxy-miscible 
blocks (red)
(b) Worm-like micelle.
Figure 2.10: Possible configurations of block copolymer in epoxy.
Gerard et al. [45] investigated the morphologies formed by PMMA-poly(butyl acrylate)-
PMMA (MAM) block copolymers in a DGEBA epoxy polymer. The authors used
different ratios of blocks and showed that (a) micrometre-sized domains; (b) nano-
structured spherical micelles; and (c) nano-structured worm-like micelles can be formed
as shown in Figure 2.11. Furthermore, the choice of the curing agent had an influence
on the final morphology. Spherical nano-particles, see Figure 2.11(b), were created
when diamino diphenyl sulfone was used, whereas a worm-like secondary phase, see
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Figure 2.11(c), was formed when dicyandiamide was used as the curing agent [48].
These examples show the potential of the block copolymers to self-assemble into various
morphologies.
? ???? ? ???? ? ????
Figure 2.11: AFM images of various morphologies created by the addition of block copolymer tough-
eners in epoxy polymers [45].
Previous work [28, 29, 45–47, 49, 51–55] has employed several types of di- and tri-
block copolymers to toughen epoxy polymers. For example, Dean et al. [46] were able
to produce a secondary phase of nano-sized micelles by using poly(ethylene oxide)-
poly(ethylene-propylene) (PEO-PEP) di-block copolymers. The researchers reported
that the value of GIc of this modiﬁed epoxy polymer was 200% of the neat epoxy value.
Dean et al. [49] also investigated the fracture properties of three diﬀerent morpholo-
gies: vesicles, spherical micelles and worm-like micelles. Their work showed that the
epoxy polymer was best toughened with a vesicle structure. However, Wu et al. [56]
showed that worm-like micelles increased the GIc by about 300%, whereas a vesicle
morphology only showed a moderate increase of about 100%. Gerard et al. [45] also
investigated the toughness of block copolymer-modiﬁed epoxy polymers and reported
that interconnected domains of secondary phase, see Figure 2.11(a), exhibited the best
result. In general, the previous work [28, 45–47, 49, 53, 55] showed the possibility of
toughening epoxy polymers via incorporation of the block copolymers, even though
the magnitude depended on various factors, such as the morphology. The toughening
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mechanisms of these rubbery particles are described below.
2.5 Toughening Mechanisms Induced by Rubbery
Particles
As described above, soluble rubbers, CSR particles and block copolymers are capable
of forming a secondary rubbery phase in the epoxy, and the toughening mechanisms
induced by such a phase are described here. Kunz-Douglass et al. [18] proposed that
an important toughening mechanism in epoxies is rubber bridging. They observed that
relatively large rubber particles (diameter ranging up to 100 µm) stretched between
crack surfaces, which failed by tearing at large extensions. This rubber bridging process,
as illustrated in Figure 2.12, was initially claimed to be one of the major sources of
energy absorption. However, Huang and Kinloch [15], and Pearson and Yee [23] showed
that the rubber bridging mechanism is only a minor toughening mechanism and does
not contribute much towards the toughness.
Figure 2.12: Schematic illustration of rubber bridging [18].
Kinloch et al. [13, 16] investigated the toughening mechanisms of rubber-modified
DGEBA epoxies. Their work showed that the CTBN rubber was phase separated
and formed micrometre-sized spherical particles. The study of the fracture surfaces
31
Chapter 2: Literature Review
showed that there was extensive cavitation followed by plastic void growth of the
epoxy polymer [16, 57, 58]. Plane strain conditions ahead of the crack tip caused
triaxial tensile stresses and as a result, cavities within rubber particles were formed.
As the stresses were applied further, the material surrounding the cavities absorbed a
signiﬁcant amount of energy via plastic void growth [17]. The resulting fracture surface
is presented in Figure 2.13, where cavities within the rubbery particles are clearly
visible. The high value of the Poisson’s ratio of the rubbery phase allowed cavities to
form within the rubber, and the voids were created either within the rubbery particle
or at the rubber-matrix interface depending on the degree of the interfacial adhesion
[16] (see Section 2.5.4).
?????? ????? ??????????
??????
??????
??????
????? ?
(a) Cavitation within rub-
bery core.
(b) SEM image of cavitated rubber
particles [16].
Figure 2.13: Cavitation of rubbery particles in epoxy matrix.
It is also reported [13, 14, 58] that localised shear yielding is a major toughening
mechanism in rubber-modiﬁed epoxy polymers. This mechanism of shear-band plas-
tic yielding, or shear deformation, is a high strain and near constant volume process
whereby chain segments slip past each other due to shear stresses [59]. Initiation and
growth of multiple localised shear-banding is one of the most important energy absorb-
ing processes and can be encouraged by the presence of the rubber particles [29]. Stress
concentrations are formed around the rubbery particles which act as initiation points
for localised shear-bands and substantially more energy is dissipated when compared
to neat epoxies [17]. The presence of shear-bands was investigated by many researchers
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[13, 16, 24, 32, 58], and in particular Huang and Kinloch [14, 60] were able to show the
von Mises stresses in the inter-particulate region using finite element analysis. Figure
2.14 presents these finite element results and the highest von Mises stress is experienced
at the particle-matrix interface, which leads to the formation of the localised shear-
bands between the rubbery particles. Figure 2.14 shows that shear-bands initiate at
one particle and terminate at another when particles are present in the matrix.
Figure 2.14: Finite element analysis of rubber-modified epoxy, showing the distribution of von Mises
stresses [60].
Yee et al. [19] investigated the effect of rubbery particles on the plastic zone size ahead
of the crack tip by studying the vicinity of a sub-critically loaded blunt crack tip. The
authors were able to show that the plastic zone radius was increased significantly by
the cavitation of the rubbery particles. Their work [19] suggested that the rubber
particles cavitate after the critical stress has reached, and given a sufficient number of
cavities, this process relieves the constraint at the crack tip. This means that the stress
state will tend to change towards plane stress conditions, which creates a larger plastic
yield zone and is also a more favourable condition for shear yielding. This mechanism
is illustrated in Figure 2.15.
The toughening mechanisms described so far were with respect to soluble rubbers,
but the same mechanisms were observed when core-shell rubber particles were added.
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(a) Rubber-modiﬁed epoxy behaves like pure
epoxy before cavitation.
(b) Constraints in the transverse direction
are relieved after cavitation.
Figure 2.15: Plastic yield zone and cavitation of rubber particles in rubber-modiﬁed epoxies [19].
Giannakopoulos et al. [43] showed that the main toughening mechanisms present in
CSR-modiﬁed epoxies were indeed shear-band plastic yielding and cavitation followed
by plastic void growth of the epoxy polymer. Similar conclusions were drawn by other
researchers [24, 30]. Figure 2.16 presents the fracture surface and a thin section at the
sub-critically loaded crack tip of a CSR-modiﬁed epoxy polymer. These micrographs
show that the plastic void growth and the shear-band plastic yielding mechanisms are
induced by the CSR particles in epoxy polymers.
(a) Fracture surface of a CSR-modiﬁed epoxy
polymer showing cavities undergone plastic
void growth [30].
(b) Transmission optical microscopy im-
age of a thin section of a CSR-modiﬁed
epoxy polymer showing shear-bands at
the crack tip [24].
Figure 2.16: Cavitation of CSR particles and shear-bands created in the vicinity of the crack tip.
As explained earlier, block copolymers can be self-assembled into various morpholo-
gies. When the block coplymers formed a spherical phase or a co-continuous domain,
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the toughening mechanisms were identical to those induced by the soluble rubbers or
CSR particles [28, 46, 49, 61]. For example, a secondary phase formed by the block
copolymers debonded partially from the epoxy matrix and plastic void growth was
observed around the particles [49, 61]. Figure 2.17 presents the fracture surface of a
block copolymer-modified epoxy polymer with (a)(b) a spherical particulate phase and
(c) a co-continuous phase. All the rubbery particles have debonded from the epoxy
matrix and plastic void growth was observed. Furthermore, Figures 2.17(a) and (b)
compare the effect of the functional groups in the epoxy miscible blocks. When the
block was not functionalised, the particle completely debonded from the epoxy ma-
trix, after which some plastic deformation followed; whereas when functionalised, some
fibrils were formed during debonding [46]. This suggests that the amount of strain
required for debonding of such particles are greater for when functionalised blocks are
present. Similar fibrils and plastic void growth were also observed within the rubbery
phase when there was a larger co-continuous phase of block copolymers, as shown in
Figure 2.17(c). The influence of the level of interfacial adhesion is discussed further in
Section 2.5.4.
In addition, Dean et al. [46] and Wu et al. [56] suggested that crack deflection was
another major mechanism, especially when the block copolymer formed a worm-like
morphology, see Figure 2.11(c). Wu et al. [56] suggested that the network of worm-
like chains promoted crack deflection. The same work also suggested that the worm-
like chains that are parallel to the loading direction create bridging effects and nano-
cavitations, however no clear evidence was given. However, given that the size of the
worm-like phase was considerably smaller than the crack opening displacement, the
crack deflection mechanism is highly unlikely (see Figure 2.28).
Figure 2.18 summarises the toughening mechanisms discussed in this Section. The
next part will discuss the important factors affecting the fracture behaviour of rubber-
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toughened epoxy polymers.
1 μm
(a) Non-functional spherical
block copolymer showing
complete debonding [49].
1 μm
(b) Functional spherical
block copolymer showing
partial debonding [49].
500 nm
(c) Non-spherical phase of func-
tional block copolymer phase show-
ing partial debonding [61].
Figure 2.17: Debonding of the rubbery block copolymer phase from the epoxy polymer followed by
plastic void growth.
Cavitated 
particle Shear bands
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Figure 2.18: Illustration of multiple toughening mechanisms [62].
2.5.1 Effects of Matrix Cross-link Density
Effects of the cross-link density of the epoxy polymer on the toughenability was inves-
tigated previously by several researchers [6, 21, 29, 63]. The molecular weight between
cross-links, Mc, reflects the cross-link density and a high value of Mc indicates a low
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cross-link density. The value of Mc of an epoxy can be controlled by many factors,
such as the length of epoxide monomers, functionality of the epoxy, curing agent and
curing temperature [6, 21, 29, 63]. Pearson and Yee [21] and Kinloch et al. [6] added
CTBN rubber to DGEBA epoxy polymers with various levels of Mc. Figure 2.19(a)
shows the influence of the cross-link density on the quasi-static fracture energy of the
rubber-modified epoxy polymers. As the Figure shows, the epoxy polymer becomes
more toughenable as the cross-link density is decreased. The researchers [21] suggested
that this was because the chain mobility is increased as the cross-link density is de-
creased, and thus the ductility of the material is increased. There was no change in
the toughening mechanisms, and plastic voiding and shear-banding were still the main
energy dissipating mechanisms in all the epoxy systems studied [6, 21].
(a) Effect of epoxide monomer weight on GIc of
CTBN-modified epoxy polymers (◦ – unmodi-
fied epoxy and ♦ – CTBN-modified epoxy) [21].
(b) Effect of epoxy cross-link density on GIc
of CSR-modified epoxy polymers (increasing
cross-link density from A to E) [63].
Figure 2.19: Effect of epoxide monomer weight on rubber-modified epoxy polymer properties.
The effect of the cross-link density was also investigated by van der Sanden and Meijer
[63] on core-shell rubber-modified epoxy polymers. A DGEBA epoxy polymer was used
and the employed CSR particles had a styrene-butadiene core and a PMMA shell.
Figure 2.19(b) shows the fracture toughness of the CSR-modified epoxy polymers,
which had different epoxy cross-link densities. The value of Mc of the epoxy polymer
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labelled ‘A’ was 6.73 kg/mol and gradually decreased to a value of 0.26 kg/mol, which
is labelled as ‘E’ [63]. As clearly shown in the Figure, the fracture energy of the
CSR-modified epoxy polymer increases with the value of Mc (i.e. decreasing cross-link
density). This also shows that after 5 wt.% of the CSR particles, the weight content of
the CSR did not influence significantly the fracture energy (the influence of the rubber
content is discussed in the next Section).
Furthermore, Liu et al. [29] studied the influence of the cross-link density on block
copolymer-modified epoxy polymers. Poly(ethylene-propylene)-poly(ethylene oxide)
(PEP-PEO) block copolymers were used in a DGEBA epoxy resin with varying values
of Mc. Figure 2.20 presents the results where the epoxy polymer with the lowest cross-
link density shows the greatest fracture toughness. Such results show that, regardless
of the type of the rubbery phase, the epoxy becomes more toughenable as the cross-link
density decreases due to the epoxy polymer being more ductile.
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Figure 2.20: Effect of molecular weight between cross-links, Mc, on KIc of block copolymer-modified
epoxy polymers ( – unmodified epoxy and  – block copolymer-modified epoxy) [29].
However, one must consider the influence of the cross-link density on the glass transition
temperature, Tg, of epoxy polymers. The Tg will decrease with an increasing value of
Mc, because there are fewer cross-links and the polymer chains become more mobile
at relatively lower temperatures. Therefore, there is a trade-off between the value of
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Tg and the toughenability when using an epoxy polymer with a low cross-link density.
The value of the Mc must be considered when formulating an epoxy polymer to suit
the particular application that it was intended for.
2.5.2 Effects of Volume Fraction
The influence of the concentration of rubbery particles was studied previously, and the
majority of the work [17, 22, 58, 64, 65] showed that the fracture energy of the rubber-
modified epoxy polymer increased with increasing rubber content. Figure 2.21(a) shows
the fracture energies of three different soluble rubber-modified epoxy polymers, and all
types of CTBN rubber show a higher value of GIc with increasing rubber content. This
is because there are more of the rubbery particles that induce cavitation and plastic
void growth of the epoxy polymer.
(a) GIc of rubber-modified epoxy in-
creasing with rubber content (data-
points of three different types of CTBN
rubber) [58].
(b) GIc of rubber-modified epoxy showing a dependency
on the rubber content [65].
Figure 2.21: Effect of rubber content, Vf , of soluble rubber on fracture energy, GIc.
Bascom et al. [65] showed that there is an optimal amount of soluble rubber in order
to experience the greatest level of fracture energy. Figure 2.21(b) shows that as rubber
content is increased, the maximum value of GIc is observed at between 15 and 20 wt.%
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of CTBN. Bascom et al. [65] observed that the added CTBN elastomer did not phase
separate but created an epoxy-elastomer blend at a rubber contents of more than about
15 wt.%, and therefore the toughening contributions via cavitation and shear-banding
were decreased. Kim and Ma [66] also investigated the effect of volume fraction and
showed that the fracture toughness of a DGEBA epoxy polymer was maximised at
4 phr of CTBN rubber.
Kunz et al. [67] also investigated the effect of volume fraction of ATBN and CTBN rub-
bers in a DGEBA epoxy polymer. It was interesting to see that the fracture toughness,
KIc, clearly saturates after 5 wt.% of either ATBN or CTBN rubber in Figure 2.22(a),
but, when the KIc values were converted to the fracture energies, GIc, the values appear
to increase with increasing weight content rubbers. Revisiting the relationship between
the two properties (Equations 2.6 and 2.7), the value of GIc is inversely proportional
to the Young’s modulus, E, for a given value of KIc. Therefore, incorporating a higher
volume fraction of the rubbery phase will decrease the value of E, which will result in
an increased value of GIc.
Kinloch and Hunston [22] studied the sensitivity of GIc on the rubber volume fraction
at different test temperatures. It was reported that at a relatively low temperature,
the value of GIc increased very slowly with increasing value of Vf of the rubber, which
eventually reached a plateau value [22]. When tested at a higher temperature, the
GIc value was much more sensitive and showed a linear relationship with the volume
fraction (see Figure 2.23(a)). It was reported [22] that the reason was that the epoxy
matrix was more ductile at a higher temperature, and hence, was more responsive to
the presence of the rubbery particles.
The influence of different weight contents of CSR particles was also investigated [36,
42, 43, 63]. Giannakopoulos et al. [43] showed a linear relationship between the weight
content of the CSR particles and the fracture energy, see Figure 2.23(b), when the
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(a) KIc of rubber-modiﬁed epoxy saturating af-
ter about 5 pbw of rubber.
(b) GIc of rubber-modiﬁed epoxy showing some
dependency on the weight content.
Figure 2.22: Eﬀect of weight content of soluble rubber on fracture toughness, KIc, and fracture
energy, GIc [67].
content of the poly(butadiene)-core CSR particle was gradually increased up to 15
wt.%. The main toughening mechanisms were plastic void growth and shear-band
plastic yielding, as described earlier, and incorporating more CSR particles meant more
particles were available to induce the toughening mechanisms [43]. A contrasting result
was reported by van der Sanden et al. [63], where the fracture toughness was insensitive
to the weight content of the CSR particles, as already presented in Figure 2.19(b).
However, the majority of other researchers [36, 42, 68] agreed with Giannakopoulos et
al. [43], although the relationship was not necessarily always linear.
Ritzenthaler et al. [55] investigated the inﬂuence of the concentration of the block
copolymers on the value of GIc by changing the weight content of two types of PMMA-
polybutadiene-polystyrene block copolymers in a DGEBA epoxy polymer. Both types
of block copolymer-modiﬁed epoxy systems showed an increasing value of GIc with in-
creasing weight content (see Figure 2.24(a)). The morphology of the secondary phase
was changed as the weight content was increased [55], but were all spherical in general
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(a) GIc of rubber-modified epoxies at
different temperatures (A – high tem-
perature and B – low temperature)[22].
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(b) Effect of weight content of CSR particles
on GIc [43].
Figure 2.23: Effect of content of (a) soluble rubber and (b) CSR on fracture energy, GIc.
and did not show a significant variation in the size of the particulate phase. This
means that the typical toughening mechanisms induced by rubbery particles (i.e. cavi-
tation/plastic void growth and shear yielding) were present, and that there were more
of them when more of the block copolymer was added to the epoxy.
Chen and Taylor [69] also investigated the change in the level of GIc of a PMMA-
poly(butyl acrylate)-PMMA block copolymer-modified DGEBA epoxy polymer. Fig-
ure 2.24(b) shows the results, and it can be seen that the value of GIc increases very
gradually with the weight content up to 7 wt.%. At 10 wt.% of the block copolymer,
an exceptionally high level of fracture energy was observed. However, when the weight
content was increased further to 12 wt.%, the value of GIc decreased. Chen and Taylor
[69] showed that this was due to the morphology of the modified epoxy rather than a
direct influence of the weight content. The particulate phase of the block copolymer
was changed to a co-continuous domains at 10 wt.%, and subsequently phase inversion
occurred at a higher weight content [69]. The researchers claim that the GIc was the
highest when co-continuous domains were formed, because the hard and soft domains
comprising of epoxy-rich and block copolymer-rich regions enabled a ‘composite-like’
behaviour [69]. It was also reported that the relatively less tough block copolymer do-
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main dominates when there is a complete phase inversion [69], and hence, a much lower
value of GIc was observed. Since the toughness was more influenced by the morphol-
ogy rather than purely by the volume fraction, no clear correlation between the volume
fraction of the block copolymer and the fracture energy could be concluded.
(a) Effect of weight content of PMMA-
polystyrene-polybutadiene block
copolymer on KIc [55].
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(b) Effect of weight content of PMMA-poly(butyl
acrylate)-PMMA block copolymer on GIc [69].
Figure 2.24: Effect of weight content of block copolymers on fracture toughness, KIc and fracture
energy, GIc.
Generally speaking, the fracture toughness/energy of a rubber-modified epoxy increases
with increasing rubber content, since there are more particles in the epoxy to induce
cavitation and plastic void growth of the epoxy polymer. However, there is a point after
which the toughening effects saturate and possibly deteriorate as the rubber content is
increased.
2.5.3 Effects of Particle Size
Early work [58, 62] showed that the toughness of soluble rubber-modified epoxy poly-
mers was independent of the particle size, however, only a small range of the particle
size was investigated (i.e. 0.5∼5.0 µm). Later, Pearson and Yee [23] reported that
the fracture toughness is in fact highly dependent on the size of the rubbery particles
when a wider range of diameters was considered. They studied rubber-modified epoxy
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polymers with the diameter of rubbery particles ranging between 0.2∼200 µm [23].
Their conclusion was that the smaller particles were more effective, because a higher
number of particles can be incorporated in a given size of process zone [23], which pro-
motes more plastic void growth and shear-banding. On the other hand, when larger
particles were employed, the amount of void growth and shear-banding was diminished
but the rubber particles were able to undergo a rubber bridging process. However, the
toughening effects arising from the rubber bridging mechanism were found to be less
significant [23], and the overall result was a lower toughness value.
Kim et al. [24] also reported similar findings for core-shell rubber particle-modified
epoxy polymers, where the fracture toughness increased with decreasing particle di-
ameter. As presented in Figure 2.25(a), the KIc value increases when the diameter of
the CSR particles is decreased from 1.2 to 0.4 µm for a given concentration of 10 phr.
The researchers also suggested that the number of cavities and shear-bands present
in the plastic yield zone was increased for the smaller particles. Giannakopoulos et
al. [43] also studied the fracture energy of CSR-modified epoxy polymers. The CSR
particles were either 100 or 300 nm in diameter, but showed no significant difference in
the fracture energy. This may be due to relatively small diameters of CSR particles in-
vestigated. Becu-Longuet et al. [70] also investigated the influence of the CSR particle
size on the fracture properties and Figure 2.25(b) presents the results. They observed
that a particle diameter of 450 nm was optimal for toughening the epoxy polymer they
employed, and that the toughening effects diminished as the particle size was either
decreased or increased. It was suggested that a smaller portion of the incorporated
CSR particles undergo cavitation as the size of the particles decreases, and the overall
toughness decreases.
In general, smaller particles can promote more cavities as well as more localised shear-
band plastic yielding, and therefore will influence the fracture properties. It was pro-
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(a) Increasing KIc with de-
creasing CSR particle size
[24].
(b) Optimal size of CSR particles [70].
Figure 2.25: Effect of CSR particle size on the fracture toughness.
posed that there exists a limit after which the particles are too small to interact with
the crack tip and also too small to cavitate, and the toughening effects will be dimin-
ished [71]. Guild et al. [72] investigated the effect of the particle size on the cavitation
criterion. The modelling studies have shown that the required applied strain for cav-
itation increases exponentially with decreasing particle radius, which was agreed by
Becu-Longuet et al. [70]. Lazzeri and Bucknall [73] showed through modelling studies
that the minimum diameter of the rubbery particle for cavitation was 250 nm. The
work of Day et al. [74] agreed with the fact that there is a minimum diameter, how-
ever, reported that this value was 350 nm. Experimental studies by Giannakopoulos
et al. [43] showed that even the CSR particles with a diameter of 100 nm were able to
undergo cavitation and induce plastic void growth of the epoxy polymer. The existence
of a minimum particle diameter for cavitation is likely, however, there is no general
agreement on the numerical value of this limit [71].
2.5.4 Effects of Interfacial Adhesion
Huang and Kinloch [27] investigated the effect of the particle-matrix interfacial ad-
hesion on the toughness. A soluble rubber with a functional end group was used to
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obtain a well bonded rubber-epoxy interface, and a weak rubber-epoxy interface was
achieved by using a non-functional end group [27]. There was no significant dependence
of the fracture energy on the degree of interfacial adhesion between the particle and
the epoxy. Both types increased successfully the toughness via plastic void growth and
shear-band plastic yielding. The only difference was the location of the void. Internal
cavities were observed for well bonded rubber particles, and debonding of the rubber
particle from the epoxy matrix was observed for weakly bonded particles. The only
difference was the occurrence of rubber bridging but, as aforementioned, this process is
only a minor toughening mechanism and the difference in the toughness was insignifi-
cant [27]. Furthermore, Huang and Kinloch [75] looked at an epoxy polymer containing
microvoids and reported that the microvoids alone (i.e. without any rubbery particles)
were sufficient to increase the fracture toughness via void growth and shear-banding
[75]. This shows that the level of interfacial adhesion is not too critical. Similar find-
ings were reported for block copolymer-modified epoxy systems [49], and the fracture
surfaces were already presented in Figure 2.17.
2.6 Silica Nano-particles
Glassy thermosetting polymers, such as epoxies, can also be toughened by the addition
of glassy particles. The main advantages of using the glassy materials over their rubbery
counterparts, are that the glass transition temperature is not decreased significantly
and that the tensile modulus can be increased [76]. Early work [77–82] used micrometre-
sized glass spheres and glass fibres to reinforce thermosetting polymers, such as epoxy
polymers. The main toughening mechanisms associated with the large glass spheres
or fibres were crack pinning, crack deflection, pull-out, shear-banding and debonding
of the particles followed by plastic void growth [30, 77–82]. More recently, nano-sized
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glassy particles, such as silica nano-particles, were used to toughen epoxy polymers
[30, 68, 83–86]. The present Section will focus on the influence of the nano-particles in
comparison to the relatively larger micro-particles.
Currently, silica nano-particles can be manufactured to a size of about 20 nm with a
small size distribution [5, 87]. Two types of silica particles are commonly available:
(i) unmodified silica particles, which are designed to form aggregates due to their high
surface energy [88]; and (ii) surface modified silica particles, which show a good degree
of dispersion in the resin [89]. The former type will be called ‘fumed silica’ and the
latter will be called ‘nanosilica’ hereinafter, and the morphological differences are shown
in Figure 2.26.
Fumed silica particles are typically used as a thixotrope and are added to epoxy poly-
mers to control the viscosity of the polymer [88, 90]. Toughening of the epoxy is not
their primary function, and thus, the effects of the fumed silica on the fracture prop-
erties of epoxy polymers are not as extensively studied compared to the nanosilica.
However, Battistella et al. [91] showed that the addition of 0.3 vol.% of fumed sil-
ica increased the fracture toughness and that similar toughening mechanisms to the
nanosilica, as described below, were induced.
(a) Aggregated fumed silica [92]. (b) Well dispersed nanosilica [93].
Figure 2.26: TEM image of ‘fumed silica’ and ‘nanosilica’ particles.
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Many researchers [30, 43, 83, 84, 93, 94] have shown that the addition of the nanosilica
particles can improve the toughness of the thermosetting polymer without significantly
deteriorating other properties. For example, Johnsen et al. [93] showed that the GIc
of a DGEBA epoxy polymer was raised from 103 J/m2 to 461 J/m2 when 20 wt.% of
nanosilica was added. Battistella et al. [91] reported that the addition of 0.5 vol.% of
fumed silica could increase the fracture energy by more than 100% of the neat epoxy
polymer, with some variations experienced depending on the surface treatment of the
fumed silica. It was shown that the main toughening mechanisms of such glassy nano-
particles were debonding of the nano-particles followed by plastic void growth and
localised shear-band plastic yielding [93]. Figure 2.27 shows some debonded nanosil-
ica particles on a fracture surface, which are surrounded by a void. Hsieh et al. [68]
also showed similar toughening effects by using nanosilica particles and reported that
debonding/plastic void growth and shear-banding were the major toughening mech-
anisms. In addition, Huang and Kinloch [15] proposed an analytical model, which
accounts for the magnitude of toughening effects via plastic void growth and shear-
band plastic yielding. Hsieh et al. [68] applied this model to their nanosilica-modified
epoxy system and were able to show a good agreement between the predicted values
and the experimental values of GIc.
Furthermore, Zhang et al. [86] investigated the fracture surfaces of nanosilica-modified
epoxy and suggested that crack pinning might be one of the toughening mechanisms.
However, Lee [85] and Johnsen et al. [93] argued that since the size of the crack opening
displacement was much larger than the diameter of the nanosilica particles, it was
highly unlikely that the crack pinning mechanism was responsible for the increased
toughness of the modified epoxy polymers. Similarly, the crack deflection mechanism
observed in relatively large glass particle-modified epoxy polymers (see Figure 2.28(a))
was also ruled out for similar reasons. In Figure 2.28(b), the size of the nanosilica
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Figure 2.27: Fracture surface of nanosilica-modified epoxy polymer. Circles highlighting the
debonded nanosilica particles [93].
particles is compared to a typical crack opening displacement, which is commonly a
few micrometres in size.
COD ~ 5 μm
Micrometre-sized particle
commonly 20~100 μm
Crack deflection 
create a local mix 
mode I/II fracture
(a) Crack deflection in large particle-
modified epoxies.
COD ~ 5 μm
Nano-particles ~20 nm
(b) Considerably larger crack opening
displacement in relation to the nano-
particles.
Figure 2.28: Effect of size of glassy particles on the crack deflection mechanisms. Modified from [85].
As mentioned earlier, the advantages of using glassy particles over rubbery particles
are that the glass transition temperature is usually unchanged and that the tensile
modulus can be improved [76]. Previous work [30, 83, 84, 93] showed that this was
indeed true, where the addition of up to about 20 wt.% of nanosilica particles in var-
ious epoxy polymers had no influence on the Tg value. Also, the tensile modulus of
the nanosilica-modified epoxies was increased with increasing weight content of the
nanosilica particles [30, 83, 84, 93]. For example, Sohn Lee [30] showed that the mod-
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ulus of a DGEBA epoxy polymer was increased from 2.55 GPa to 3.87 GPa, and that
the Tg was unchanged at 177
◦C when 20 wt.% of nanosilica was added.
One disadvantage of adding relatively large glassy particles (typically, 4∼100 µm) is
an increase in the viscosity [79, 81]. If the viscosity of the resin is too high, then
the material would be less processable and be undesirable for some applications, for
example, be unsuitable for composite resin infusion. On the other hand, the nano-
particles can provide the similar advantages as the micrometre-sized particles in terms
of the toughness, but without a considerable influence on the viscosity [93]. The well
dispersed nanosilica particles result in a much smaller increase in the viscosity of the
modified epoxy polymer, when compared to the aggregated fumed silica particles [86].
It must be noted that the fumed silica particles are designed to be aggregated and their
primary function is to increase the viscosity of the epoxy resin, rather than to increase
the toughness of the cured epoxy polymer.
2.7 Fatigue Behaviour of Polymers
The previous Sections described the quasi-static fracture mechanisms of modified epoxy
polymers. This Section details the general cyclic-fatigue behaviour of thermosetting
polymers and in particular, epoxy polymers. Fatigue properties of polymeric materials
depend on many factors, such as the testing frequency, environment and applied load,
but the following focuses on the properties of epoxy polymers that are relevant to the
present Study.
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2.7.1 Effect of Cross-link Density
The effects of cross-link density on the fatigue properties of epoxy polymers was investi-
gated by Oba [95]. Mc is the molecular weight between the cross-links, and thus a high
Mc corresponds to a low cross-link density. Oba [95] controlled the cross-link density
of an epoxy polymer by altering the curing temperature and showed that the fatigue
threshold was increased with increasing value of Mc, as shown in Figure 2.29(a). This
was due to higher deformability of the epoxy polymers with a lower cross-link density.
Cross-links inhibit the slippage of chains in the polymer, which means that a material
with a lower cross-link density will exhibit a higher level of plastic deformation and be
more resistant to fatigue crack growth.
(a) Decreasing Mc value (i.e. increasing
cross-link density) increases da/dN value
of rubber-modified epoxy [95].
(b) Increasing epoxy content (i.e. increas-
ing cross-link density) increases da/dN
value of epoxy [96].
Figure 2.29: Effect of cross-link density on fatigue properties of epoxy polymers.
Other researchers [96–99] also showed that the cross-link density of the polymeric ma-
terials was influential on the fatigue crack growth behaviour. Polymers, such as epoxy
and nylon, were investigated in their studies. All the materials behaved similarly, where
the fatigue crack growth rate was decreased as the cross-link density was decreased,
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and for example Figure 2.29(b) shows that as the epoxy content is increased (i.e. higher
cross-link density) decreased the threshold value.
2.7.2 Fatigue Properties of Rubber-modified Epoxies
The influence of rubber particles on the fatigue properties of epoxy polymers was
investigated by several researchers [36, 39, 95, 100–102]. Oba [95] observed that the
fatigue threshold does not improve by the presence of the rubber particles, however, the
rubber-modified epoxy was toughened in the relatively high ∆K region as illustrated
in Figure 2.30. This phenomenon can be explained by the size of the plastic zone – a
high ∆K or a high value of the applied maximum stress intensity factor in a fatigue
cycle, Kmax, creates a large plastic zone ahead of the crack tip. In such conditions, the
diameters of the rubber particles are well below the size of the plastic zone, and hence
cavitation occurs and shear-bands are formed. However, as the applied stress intensity
factor approaches the threshold, the plastic zone becomes smaller and eventually the
plastic yield zone becomes smaller than the size of the rubber particles [95]. In such
conditions, the rubbery particles do not undergo cavitation and plastic void growth is
not induced, and consequently the rubbery particulate phase does not have a significant
influence on the fatigue threshold value. Azimi et al. [100] also showed that rubber-
modified epoxies exhibited a better fatigue crack resistance at higher values of ∆K but
the threshold value was unaffected.
For the nano-sized rubbery particles, such as CSR particles, the plastic yield zone at
the fatigue crack tip may be larger than the particle diameter. However, Guild et
al. [72] and Becu-Longuet et al. [70] showed that the amount of strain required for
cavitation of the rubbery particles increase exponentially with decreasing diameter.
Considering the fact that the applied level of fatigue strain at the fatigue threshold
is extremely small, cavitation of the CSR particles may not take place. For example,
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Figure 2.30: Effect of rubber particles on the fatigue properties of epoxy polymers [100].
Sohn Lee [30] showed that the fatigue threshold fracture energy was not improved by
the incorporation of CSR particles with an average diameter of 60 nm. Hahn et al. [103]
reported that even though rubber-toughening is a well established method to toughen
epoxy under quasi-static loading, it is not necessarily proven to work under cyclic-
fatigue loading, especially near the fatigue threshold region. The fatigue properties
of rubber-modified epoxies depend on many variables, such as the stress/strain range,
temperature, humidity and loading frequency [96, 99, 103–106].
Azimi et al. [100] investigated the influence of the volume fraction of rubber in an epoxy
polymer and showed that the weight content of the rubber particles was only influential
at high values of stress intensity factor. Figure 2.30(b) shows that for various weight
fractions of rubber, the fatigue threshold fracture toughness does not change. At higher
levels of the stress intensity factor range (∆K), however, more rubber leads to slower
propagation of the fatigue crack front. This is because, as explained for quasi-static
fracture properties, more rubber particles induce more cavities in the plastic yield zone,
but these particles were found to be insignificant at the fatigue threshold.
The effects of the size of the rubber particles without changing the volume fraction
was also investigated by Azimi et al. [78, 100]. The researchers found that when small
53
Chapter 2: Literature Review
(diameter: 0.2 µm) and large (diameter: 1.5 µm) rubber particles were incorporated,
the smaller rubber particles were more effective in toughening the epoxy polymer under
cyclic-fatigue loading. However, it must be noted that the smaller particles were CSR
particles, whilst the larger particles were CTBN rubber. This finding contrasted with
the work of Sohn Lee [30], who showed that larger CSR particles (maximum diameter:
10 µm) increased the fatigue threshold fracture energy, whereas smaller CSR particles
(maximum diameter: 1 µm) did not have a significant effect on the fatigue threshold
properties. It must be also noted that some agglomeration of the CSR particles was
observed, which suggests that the results from the two studies [30, 100] cannot be
readily compared.
2.7.3 Fatigue Properties of Glassy Particle-
modified Epoxies
Recent work [30, 91, 107–110] showed that the influence of glassy nano-particles on
the fatigue fracture behaviour of epoxy polymers. Blackman et al. [107] investigated
the fatigue properties of nanosilica-modified DGEBA epoxy polymers and showed that
the fatigue threshold fracture toughness, Kth, was raised when 7.8 wt.% of nanosilica
particles were added. As shown in Figure 2.31(a), the cyclic-fatigue data-points are
shifted to the right when nanosilica particles were present. Sohn Lee [30] investigated
the fatigue fracture surfaces and reported that debonding of the nano-particles followed
by plastic void growth at the threshold was responsible for the enhanced fatigue prop-
erties. Similar improvements in the threshold value was reported by Liu et al. [108],
when a DGEBA epoxy was modified with 6 and 12 wt.% of nanosilica particles. They
claimed that the debonding/void growth mechanism was only active at a relatively
higher values of applied ∆K and that the toughening mechanism changed to crack de-
flection towards the threshold value [108]. However, crack deflection mechanism at the
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threshold of the fatigue test is questionable: the size of the nanosilica particles used
in both studies [107, 108] was 20 nm in diameter and the particles are significantly
smaller than the crack opening displacement (see Figure 2.28(b)).
Battistella et al. [91] studied the influence of fumed silica particles on the fatigue
fracture behaviour of a bisphenol-A-based epoxy resin. The addition of the fumed
silica was reported to have no significant impact on the fatigue properties. Figure
2.31(b) shows that the fatigue crack growth rate was not changed significantly when
the epoxy polymer was modified with 0.5 vol.% of fumed silica. It was suggested that
the aggregates of fumed silica particles were too fine and well dispersed in order to
promote the crack deflection mechanism [91].
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Figure 2.31: Effect of glassy nano-particles on the fatigue fracture behaviour of epoxy polymers.
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2.8 Concluding Remarks
The present Chapter reviewed the basic concepts of the linear elastic fracture mechan-
ics and introduced the toughening agents that are related to the present work. The
toughening mechanisms induced by these tougheners in thermosetting polymers – es-
pecially in epoxy polymers – under quasi-static and cyclic-fatigue loading conditions
were also described.
The material presented in the present Chapter suggests that epoxy polymers can be
toughened by different types of tougheners under quasi-static loading, whilst their
influence at the fatigue threshold is not as well defined. The following Chapters in
will investigate further the methods to improve both the quasi-static and cyclic-fatigue
properties of epoxy polymers.
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Materials
3.1 Introduction
Chapter 3 describes the materials used in the present study. All the epoxy formulations
were supplied as uncured mixtures in cartridges by Henkel (Du¨sseldorf, Germany). The
tougheners were divided into four groups according to their type.
1. ‘Polymer-based tougheners’:
Simple polymer-based tougheners, poly(propylene glycol) (PPG), polysulfide
(PS), polyethersulfone (PES) and polyurethane (PU) tougheners, were used.
2. ‘Block copolymer tougheners’:
Two types of ‘ABA’ block copolymers and an ‘ABC’ block copolymer were used.
3. ‘Core-shell rubber tougheners’:
Three types of core-shell rubber particle tougheners were used.
4. ‘Hybrid tougheners’:
Combinations of two tougheners were used, where one toughener was from the
‘polymer-based tougheners’ group and another from the ‘core-shell rubber tough-
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eners’ group.
The following Sections describe the basic properties of the tougheners and the reasons
behind choosing such materials for the present project.
3.2 Unmodified Epoxy Formulation
The constituents employed in the unmodified epoxy formulation are described in the
present Section. As introduced in Chapter 2, the epoxy resin used was Epon 828,
which is a diglycidyl ether of bisphenol-A (DGEBA), and the epoxy equivalent weight
(EEW) was 188 g/eq. [111]. The curing agent was dicyandiamide, which is known to
have a functionality of approximately four with respect to the epoxy resin [112]. Even
though the exact reaction mechanism is not clearly known, it is well established that
dicyandiamide promotes cross-linking of the epoxy resin [112]. The molecular structure
of dicyandiamide is shown in Figure 3.1.
N CNC
NH   2
NH   2
Figure 3.1: Molecular structure of the dicyandiamide curing agent [112].
Accelerators are used to catalyse and increase the reaction rate of the curing process,
which enables the curing temperature to be reduced [112]. Accelerators commonly
contain hydroxyl groups, which are hydrogen donors, in order to facilitate the reaction
of the epoxy resin via hydrogen bonding and via reaction with the oxygen in the epoxy
group [8]. Urones are known to enable the curing temperature of the epoxy to be
reduced significantly [112] and fenuron is a type of monofunctional urone (Figure 3.2)
that is commonly used as an accelerator. The compounds of fenuron dissociate into
isocyanate and dimethylamine, which react with the epoxy group and catalyse the
reaction of dicyandiamide with the epoxy [112].
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Figure 3.2: Molecular structure of the fenuron accelerator [112].
Fumed silica is used as a thixotrope and is employed to control the rheological properties
of the epoxy resin formulation [113]. It is an amorphous and nonporous silica with
ca. 40% of its surface covered in hydroxyl groups [90] as shown in Figure 3.3, which
promotes interactions with the epoxy resin via hydrogen bonding [88]. Fumed silica has
a high surface energy and the typical surface area-to-weight ratio exceeds 100 m2/g [88].
Thixotropes are commonly used in adhesives and sealants. In particular, fumed silica
can (a) increase the viscosity, (b) improve the anti-settling properties during curing
[88], and (c) sometimes improve some physical properties, such as the tear strength of
a cured rubbery sealant [88].
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Figure 3.3: Typical surface of fumed silica [90].
A reactive diluent is a functional material containing epoxy groups that cross-links with
the curing agents and thus becomes a part of the epoxy polymeric structure [114, 115].
The main purpose of the diluent is to improve handling and processing by reducing the
viscosity [115] and also to give a more flexible and tough epoxy polymer [116]. Reactive
diluents can also improve the adhesion by enhancing surface wetting properties [116].
However, it must be also noted that the addition of diluents may reduce the material
properties, such as the tensile modulus and the glass transition temperature [8].
59
Chapter 3: Materials
The unmodified epoxy formulation was prepared using the constituents described so
far and the weight contents of each ingredient are listed in Table 3.1. The epoxy
resin and the curing agent were mixed at a ratio of 93:10. When a certain amount
of a toughener was added in the modified epoxy formulations, then the equivalent
amount of the epoxy-dicyandiamide mixture was omitted. This means that the weight
percentages of the thixotrope, diluent and accelerator were unchanged and the sum
of the weight percentages of the epoxy resin, the curing agent and the toughener was
always 92.5 wt.%.
Table 3.1: Unmodified epoxy formulation.
Constituent wt.%
Epoxy resin: Epon 828 (DGEBA) 83.5
Curing agent: Dicyandiamide 9.0
Thixotrope: Fumed silica 3.5
Diluent: Epoxy reactive diluent 3.5
Accelerator: Fenuron 0.5
The type and the quantity of the tougheners used in the present study are described
in the following Sections. For convenience, each formulation was named according to
the weight percentage and the toughening agent(s) included. For example, the follow-
ing system was adopted: ‘10PUi’ formulation contains 10 wt.% of the polyurethane
toughener ‘type i’.
3.3 Polymer-based Tougheners
The present Section describes the first group of tougheners that were investigated,
which were all ‘simple’ polymers in nature. Most of the tougheners in this group were
relatively new materials and their exact chemical compositions were not disclosed by
the suppliers for commercial reasons. Notwithstanding, some basic information on the
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polymer-based tougheners can be found in Table 3.2.
Table 3.2: Details of polymer-based tougheners.
Name Toughener Mw [g/mol] Tg [
◦C]
PPGm A 46 wt.% of chain-extended and epoxy-
terminated poly(propylene glycol) in an epoxy
and dicyandiamide masterbatch
5000∼10000 0∼10
PPG An epoxy-terminated poly(propylene glycol) 2000 -45∼-40
PS A difunctional epoxydised polysulfide 1200 -30
PES A polyethersulfone –α 180∼220β
PUi A polyether-based polyurethane >2000 -45∼-40
PUii A poly(propylene glycol)-based polyurethane 10000∼20000 -45∼-40
Data obtained via personal communication with Henkel [111], unless stated otherwise.
α – Data not disclosed.
β – From literature [117–119].
All the simple polymer-based tougheners were chosen with an intention to plasticise the
epoxy polymer. They were selected by reference to published literature (as described
later in the present Section), and after discussions with Henkel (Du¨sseldorf, Germany).
It was planned to select the modified epoxy polymers that exhibited the best properties
from this group and use these as the base epoxy resin formulation for core-shell rubber
(CSR) toughening, i.e. CSR-particles were to be added to the modified epoxy polymers
already containing some polymer-based tougheners. As previously described in Section
2.4, soluble rubber and core-shell rubber tougheners have been found to be very effective
in increasing the fracture energy of epoxy polymers [30, 43], although, the value of the
fatigue threshold fracture energy was not influenced significantly by their inclusion
[30, 100].
The toughener labelled as PPGm, where ‘m’ stands for ‘masterbatch’, was a chain-
extended and epoxy-terminated poly(propylene glycol) in a masterbatch of epoxy and
dicyandiamide. The carrier resin was a DGEBA epoxy-dicyandiamide mixture and
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46 wt.% of the masterbatch was the poly(propylene glycol) toughener. The pure
toughener had a glass transition temperature, Tg, of 0∼10◦C and a molecular weight
of 5000∼10000 g/mol.
Another type of poly(propylene glycol) toughener was also used, which was also chain-
extended, and will be labelled as PPG. The Tg of the pure toughener ranged between
-45∼-40◦C and had a molecular weight of 2000 g/mol, which was considerably lower
than the PPGm toughener.
Polysulfide is commonly added to elastomers in order to vulcanise and make the ma-
terial more durable [120], however its influence on thermosetting polymers has yet to
be investigated. The difunctional epoxydised polysulfide (labelled as PS) used in the
present study had a molecular weight of 1200 g/mol and a Tg of -30
◦C.
Due to their high Tg and toughness, high performance engineering thermoplastics
are often used to modify epoxy polymers [76]. A common type of thermoplastic is
polyethersulfone (PES), which is a tough and rigid polymer and various previous
studies [76, 94, 121, 122] have looked at the properties of the PES-modified epoxy
polymers. A few noteworthy properties of PES are that the material has a high mod-
ulus and is heat resistant [76, 117] and the Tg is reported to be approximately 200
◦C
[76, 117, 118]. Now, one of the drawbacks of using rubbery tougheners, which have a
relatively low value of Tg, is the decrease that they cause in the modulus and in the
Tg of the rubber-modified epoxy polymers. On the other hand, engineering thermo-
plastics will maintain, or could even improve, the modulus and the Tg of the epoxy
polymer [122]. The common morphology observed in the PES-modified epoxy sys-
tems is a secondary phase of the PES, which may be either spherical or co-continuous
depending on the weight content [76, 94, 121, 122]. Mimura et al. [76] also reported
that an interpenetrating polymer network (IPN) structure could be produced by low-
ering the curing temperature. The PES used in this project was a commercial grade,
62
Chapter 3: Materials
which had a general molecular structure illustrated in Figure 3.4. The properties of the
PES-modified epoxy polymer, such as Tg, morphology and fracture behaviour, will be
compared to the results from previous studies [76, 94, 121, 122] in Chapter 6.
O S
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O
Figure 3.4: The general molecular structure of polyethersulfone [117].
Polyurethane (PU) is a popular engineering polymer with a vast number of appli-
cations, for example flexible foams, sealants, coatings, adhesives and rigid foams for
insulation [123]. In particular, polyurethane polymers are commonly used as adhe-
sives due to their ability to interact with substrates via hydrogen bonding or covalent
bonding [124]. A material is defined as a polyurethane polymer if the molecular back-
bone contains a number of urethane groups (Figure 3.5), regardless of the rest of the
chemical composition [124].
O
C ONH   2
Figure 3.5: Molecular structure of urethane [5].
Some properties of polyurethane-modified epoxy polymers were previously investigated
[125–131], but the focus was not on their fatigue performance. It was reported that the
addition of the polyurethane toughener formed several morphologies where the most
commonly observed structures were interpenetrating polymer networks (IPNs) [129–
131] or a particulate secondary phase [126, 128]. Regardless of their morphology, the
fracture energy of the polyurethane-modified epoxy polymers was generally improved.
For example, Stefani et al. [125, 126] added 10 wt.% of a type of polyurethane toughener
to an epoxy polymer and reported that the maximum observed value of GIc was about
142% of the unmodified epoxy polymer in their study. Similarly, Wang and co-workers
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[128] modiﬁed an epoxy polymer with a diﬀerent type of polyurethane toughener and
observed an increase in GIc to about 640%. In these two studies, it was reported
that the polyurethane toughener formed a rubbery particulate phase as presented in
Figure 3.6, which induced cavitation and shear yielding mechanisms. Kostrzewa et
al. [129] and Hsia et al. [127] also reported that the value of GIc was increased to 310%
and 250% of the unmodiﬁed epoxy polymers in their respective studies. Kostrzewa
and co-workers [129] reported that the added polyurethane toughener plasticised the
epoxy polymer and increased the elasticity, but the exact toughening mechanisms were
unclear in both studies [127, 129]. These examples show that the polyurethane polymer
can generally toughen the epoxy polymers, regardless of the morphology. In order to
investigate this further, and in particular to establish the fatigue performance of the
polyurethane-modiﬁed epoxy polymers, two types of polyurethane tougheners were
utilised in the present study.
(a) Particulate morphology of a poly(propylene
oxide)glycol-based polyurethane-modiﬁed epoxy
polymer [126].
(b) Particulate morphology of an
anhydride-terminated polyurethane-
modiﬁed epoxy polymer [128].
Figure 3.6: Fracture surface of polyurethane-modiﬁed epoxy polymers from other studies [126, 128].
The ﬁrst type was a polyether-based polyurethane (PUi), which had a molecular
weight no less than 2000 g/mol. The second type was a poly(propylene glycol)-based
polyurethane (PUii), which had a molecular weight of 10000∼20000 g/mol. Both
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polyurethane modifiers had a Tg of -45∼-40◦C. The influence of both polyurethane
tougheners will be investigated and compared to the results of the aforementioned
studies [125–131].
Table 3.3 lists the formulations prepared using the polymer-based tougheners. One of
the main focuses of the present investigation was to study the effects of different types
of tougheners on the morphology of the modified epoxies, and ultimately on the quasi-
static and fatigue fracture properties. Therefore, rather than being confined to only
a few of types of tougheners and using various weight fractions, the weight fractions
of the tougheners were chosen to be either 5 or 10 wt.% (except for a few modified
epoxy formulations described in Section 3.6) for the numerous types of tougheners.
This methodology will enable the morphologies and effects of the different types of
tougheners to be readily compared. Also, since the high tensile modulus and the high Tg
of the epoxy polymer need to be maintained, even after the inclusion of any toughener,
the weight content of the tougheners was chosen not to exceed 10 wt.%.
Table 3.3: Modified epoxy polymers containing the polymer-based tougheners.
# Formulation wt.% Toughener
1 Unmodified − −
2 5PPGm 5 A chain-extended and epoxy-terminated
poly(propylene glycol) in a masterbatch
3 10PPGm 10 As above
4 10PPG 10 An epoxy-terminated poly(propylene glycol)
5 10PS 10 A difunctional epoxydised polysulfide
6 5PES 5 A polyethersulfone
7 10PUi 10 A polyether-based polyurethane
8 10PUii 10 A poly(propylene glycol)-based polyurethane
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3.4 Block Copolymer Tougheners
The present Section describes the types of block copolymers utilised in the present
study. A block copolymer consists of a few distinctive homopolymer blocks and, in the
present context, usually consists of both epoxy-miscible and epoxy-immiscible blocks
[47]. The advantages of using block copolymers were reviewed in Section 2.4, and a key
characteristic was the fact that block copolymers can adopt various morphologies in the
epoxy upon curing. In the present study, three types of block copolymer tougheners,
as listed in Table 3.4, were investigated.
Table 3.4: Details of block copolymer tougheners.
Name Product Blocks Mw
MAMi M52N PMMA-poly(butyl acrylate)-PMMA Medium
MAMii M53N PMMA-poly(butyl acrylate)-PMMA High
MBS E21 PMMA-polybutadiene-polystyrene Medium
All block copolymer tougheners were manufactured by Arkema (Paris, France).
All data from product catalogues [48, 132].
Two types of ‘ABA’ block copolymers, as illustrated in Figure 3.7, were used. The trade
names are ‘M52N’ and ‘M53N’ and they consisted of a central poly(butyl acrylate) block
and a functionalised polymethylmethacrylate (PMMA) block on either side [48]. The
two tougheners were named MAMi and MAMii, respectively, and the only difference
between the two block copolymers was their molecular weight, where the MAMi block
copolymer had a relatively lower molecular weight compared to the MAMii block
copolymer [48]. In addition, an ‘ABC’ block copolymer was also used, which consisted
of PMMA, polybutadiene and polystyrene blocks [132]. This toughener was named
MBS and the trade name is ‘E21’. Figure 3.8 depicts the molecular structure of this
MBS block copolymer. Table 3.5 lists the formulations prepared using the three types
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of block copolymer tougheners.
PMMA poly(butyl acrylate) PMMA- -
Figure 3.7: PMMA-poly(butyl acrylate)-PMMA (MAM) block copolymer [48].
polystyrenepolybutadienePMMA - -
Figure 3.8: PMMA-polybutadiene-polystyrene (MBS) block copolymer [132].
Table 3.5: Modified epoxy polymers containing the block copolymer tougheners.
# Formulation wt.% Blocks
9 5MAMi 5 PMMA-poly(butyl acrylate)-PMMA
10 5MAMii 5 PMMA-poly(butyl acrylate)-PMMA
11 5MBSa 5 PMMA-polybutadiene-polystyrene
12 5MBSb 5 PMMA-polybutadiene-polystyrene
13 5MBSc 5 PMMA-polybutadiene-polystyrene
As mentioned earlier, the uncured formulations were supplied in cartridges by Henkel.
Henkel carried out an in-house test to investigate the viscosity of the block copolymer-
modified formulations in order to ensure that the formulations had a processable vis-
cosity. Their results [111] showed that above 5 wt.% addition of the block copolymer,
the formulation became too viscous to spread and so was unsuitable for manufacturing
good-quality adhesive joints.
Interestingly, Chong [61] has investigated block copolymer-modified epoxy polymers
used for matrix resins in composite materials and was also able to show a sharp increase
in the viscosity with the increasing content of the block copolymer. The identical
MBS block copolymer (i.e. ‘E21’) was used and Figure 3.9 shows the influence of the
change in the weight content on the viscosity of the formulation. The viscosity of the
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unmodified epoxy was 1.3 Pa·s at room temperature, which increased to 7.1, 64.3 and
191 Pa·s for 5, 10 and 15 wt.% concentrations of the block copolymer, respectively. This
shows that the viscosity of the block copolymer-modified epoxy formulation increases
exponentially with the weight content. Based on the findings of Henkel [111], and as
later confirmed by Chong [61], the maximum weight content of the block copolymer
tougheners was therefore fixed at 5 wt.%.
Control
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Figure 3.9: Viscosity of epoxy polymer modified with various weight contents of MBS block copoly-
mer [61].
The cartridges of the formulations were supplied in batches and some variation was
observed between them. In particular, the epoxy formulation containing 5 wt.% of
the MBS block copolymer toughener was received in three separate batches and were
named 5MBSa, 5MBSb and 5MBSc. Even though the type and the amount of the
block copolymer toughener were identical, the properties of the three MBS-modified
formulations were found to be inconsistent. The results are presented in Chapter 7,
where the reasons behind these variations will also be discussed.
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3.5 Core-shell Rubber Tougheners
The present Section describes the core-shell rubber tougheners used in the present
study. Soluble rubber tougheners, such as CTBN or ATBN, are well known to toughen
the epoxy polymer via several mechanisms, for example, cavitation followed by plastic
void growth (see Section 2.5 for more details). However, the key disadvantages associ-
ated with rubber toughening are the decline in the Tg and the difficulty to control the
particle size of the rubber upon phase separation. Core-shell rubber (CSR) tougheners,
on the other hand, can provide the identical toughening mechanisms of the traditional
soluble rubber tougheners, but without the decline in the Tg and the particle size is,
of course, clearly defined and fixed. Therefore, three different types of CSR tough-
eners were employed and their influence on the fracture and fatigue properties was
investigated.
The core-shell rubber particle tougheners were all commercial grades manufactured by
Kaneka (Texas, USA) and were recommended for epoxy resins by the manufacturer
since they possess functional reactive groups with respect to the epoxy (see below).
These were supplied in a masterbatch, and the carrier resin was a liquid bisphenol-A
epoxy polymer. The resin had a density of 1.16 g/cm3 [133] and the overall master-
batch density was 1.10 g/cm3 [38, 134, 135]. Products ‘MX156’ and ‘MX125’ each had
25 wt.% of CSR particles and product ‘MX257’ contained 37 wt.% of CSR particles in
the masterbatch. The details are listed in Table 3.6.
Firstly, the CSR toughener labelled CSi had a nominal diameter of 100 nm as stated
by the manufacturer [134]. The rubbery core was formed of polybutadiene elastomer
and the rigid shell was formed of polymethylmethacrylate (PMMA), which was func-
tionalised with respect to epoxy in order to create a strong shell-epoxy interface [134].
Secondly, another CSR toughener with an identical size was used. This type of CSR
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Table 3.6: Details of core-shell rubber tougheners.
Name Product Core Shellα Diameterβ [nm] EEW [g/mol]
CSi MX156 Polybutadiene PMMA 100 242
CSii MX125 Styrene-butadiene PMMA 100 245
CSiii MX257 Polybutadiene PMMA 200 296
α – All shells contained functional reactive groups with respect to epoxy resins [38, 134, 135].
β – As specified in product catalogues [38, 134, 135].
particles, labelled as CSii, was formed of a PMMA shell and a styrene-butadiene
copolymer core. Thirdly, the last type of the CSR toughener was twice the diameter
of CSi and CSii. This type of larger CSR particles was labelled as CSiii and had a
nominal diameter of 200 nm [135]. The shell and the core were formed of PMMA and
polybutadiene elastomer, respectively (i.e. identical materials to CSi).
The respective glass transition temperatures of the polybutadiene elastomer and styrene-
butadiene copolymer are about -85◦C and -55◦C [119]. The PMMA polymer has a wide
range of Tg and is usually known to be about 90∼130◦C [119]. The formulations pre-
pared using the CSR tougheners are presented in Table 3.7.
Table 3.7: Modified epoxy polymers containing the core-shell rubber tougheners.
# Formulation wt.% Core Shell Diameter [nm]
14 5CSi 5 Polybutadiene PMMA 100
15 10CSi 10 As above
16 10CSii 10 Styrene-butadiene PMMA 100
17 10CSiii 10 Polybutadiene PMMA 200
Data from product catalogues [38, 134, 135].
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3.6 Hybrid Tougheners
In addition to the modified epoxy formulations containing only a single toughener,
a combination of two tougheners was used to formulate ‘hybrid’ epoxy formulations.
The hybrid formulations contained a polymer-based toughener in addition to a core-
shell rubber toughener. In other words, one toughener from Table 3.2 and another
from Table 3.6 were chosen to create a combination of toughening agents which might
exhibit a “synergistic” effect in terms of the fracture and fatigue properties.
In the early stages of this project, the epoxy formulations containing just the CSR
particles showed outstanding quasi-static properties as will be presented in Chapter 8.
However, the cyclic-fatigue properties were not improved significantly by the addition
of the CSR tougheners alone, as also shown in a previous study [30]. Therefore, the
intention was to improve the fatigue fracture properties while maintaining the excel-
lent quasi-static fracture properties by adding an extra toughener. The morphological
changes exhibited by the hybrid epoxy formulations were investigated and how such
morphological modifications can influence the quasi-static and the fatigue properties
was examined.
The first group of hybrid formulations is listed in Table 3.8 and these modified epoxy
formulations use a combination of the poly(propylene glycol) tougheners and the core-
shell rubber tougheners. The CSR particles chosen to be employed were either the CSi
or CSii toughener, which had nominal particle diameters of 100 nm. This was because,
in the earlier stages of the project, it was observed that the smaller particles (i.e. CSi
and CSii) were more effective in toughening the epoxy polymer than the larger CSR
particles, CSiii, which had a nominal diameter of 200 nm.
Apart from the 5PPGm5CSi formulation, the weight content of the CSR tougheners
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Table 3.8: Hybrid epoxy polymers containing the poly(propylene glycol) and the core-shell rubber
tougheners.
# Formulation wt.% Toughener 1 wt.% Toughener 2
18 5PPGm5CSi 5 PPGm and 5 CSi
19 10PPGm10CSi 10 PPGm and 10 CSi
20 5PPGm10CSii 5 PPGm and 10 CSii
21 10PPGm10CSii 10 PPGm and 10 CSii
22 4PPG10CSii 4 PPG and 10 CSii
23 10PPG10CSii 10 PPG and 10 CSii
PPGm – Chain-extended and epoxy-terminated poly(propylene glycol)-masterbatch.
PPG – Epoxy-terminated poly(propylene glycol).
CSi – CSR toughener, polybutadiene-core/PMMA-shell. Nominal diameter of 100 nm.
CSii – CSR toughener, styrene-butadiene-core/PMMA-shell. Nominal diameter of 100 nm.
was kept identical in the hybrid formulations shown in Table 3.8. On the other hand,
the weight content of the polymer-based toughener was varied in order to investigate
the influence of this toughener on the CSR-modified epoxy polymers. The use of the
4PPG10CSii formulation needs some clarification. Initially the formulation was meant
to contain 5 wt.% of the PPG toughener, but it was found out in the later stages that
only 4 wt.% of the PPG toughener had, in fact, been added. However, this formulation
actually produced some interesting results, which will be described in Chapter 9.
Initial results have revealed that the polyurethane-modified epoxy polymers, 10PUi and
10PUii, possessed excellent fracture and fatigue properties. Therefore, both polyurethane
modifiers (PUi and PUii) were used to formulate another group of hybrid formula-
tions. Table 3.9 lists the polyurethane and CSR-modified hybrid formulations. Since
the two polyurethane-modified epoxies exhibited excellent properties (Chapter 6), the
weight content of the PUi and the PUii tougheners was not changed in this case.
Instead, only the weight content of the CSR tougheners was varied.
As will be explained later in Chapter 6, the behaviour of the polysulfide-modified epoxy
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Table 3.9: Hybrid epoxy polymers containing the polyurethane and the core-shell rubber tougheners.
# Formulation wt.% Toughener 1 wt.% Toughener 2
24 10PUi5CSii 10 PUi and 5 CSii
25 10PUi10CSii 10 PUi and 10 CSii
26 10PUii10CSii 10 PUii and 10 CSii
PUi – Polyether-based polyurethane.
PUii – Poly(propylene glycol)-based polyurethane.
CSii – CSR toughener, styrene-butadiene-core/PMMA-shell. Nominal diameter of 100 nm.
polymer, (i.e. 10PS), was very interesting. The toughener had dissolved in the epoxy
polymer to form a homogeneous morphology and most of the mechanical properties,
such as the modulus, yield strength and fracture energy, were very similar to those of
the unmodified epoxy polymer. However, the 10PS formulation exhibited a significant
amount of strain softening, which was not observed in the unmodified epoxy polymer.
Therefore, it was anticipated that the addition of the CSR particles in a polysulfide-
modified epoxy polymer could promote more shear-band plastic yielding and ultimately
exhibit superior fracture and fatigue properties. The formulations employed for the
hybrid epoxy polymers are presented in Table 3.10.
Table 3.10: Hybrid epoxy polymers containing the difunctional epoxydised polysulfide and the core-
shell rubber tougheners.
# Formulation wt.% Toughener 1 wt.% Toughener 2
27 10PS10CSii 10 PS and 10 CSii
28 10PS18.75CSii 10 PS and 18.75 CSii
29 20PS15CSii 20 PS and 15 CSii
30 45PS10CSii 45 PS and 10 CSii
PS – Difunctional epoxydised polysulfide.
CSii – CSR toughener, styrene-butadiene-core/PMMA-shell. Nominal diameter of 100 nm.
The 10PS10CSii formulation was first investigated to examine any possible synergy
arising from combining the PS and the CSi tougheners. For the next hybrid epoxy
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formulation, i.e. 10PS18.75CSii, the weight content of the CSR toughener was raised
to 18.75 wt.%. This was done in order to examine an extreme case, where the rubber
content in the epoxy polymer was relatively very high. For the 20PS15CSii formulation,
the intent was to investigate the results when both weight fractions of the PS toughener
and the CSR toughener were increased significantly. Lastly, the weight content of the
CSR particles was kept at 10 wt.% but 45 wt.% of the PS toughener was added. The
resulting formulation, i.e. 45PS10CSii, was used to observe any effects of drastically
altering the properties of the base epoxy polymer, in which the CSR particles were
dispersed.
3.7 Concluding Remarks
The present Chapter has described the unmodified epoxy formulation that was used as
the control material in the present study. Polymer-based tougheners, block copolymer
tougheners and core-shell rubber tougheners were chosen to be investigated. The ef-
fects of combining two tougheners to give hybrid toughened epoxy polymers were also
studied. The next Chapter on ‘Experimental Methods’ will describe the experimental
techniques employed to measure the material properties of the formulations introduced
in the present Chapter.
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Experimental Methods
4.1 Introduction
The present Chapter describes how the formulations were cast and cured into bulk
plates, and how these plates were machined into specimens. The experimental tech-
niques used to determine the quasi-static and the fatigue properties are discussed.
The microscopy techniques used to determine the microstructure and the toughening
mechanisms are also described.
4.2 Formulation Curing
All the uncured epoxy formulations were prepared by Henkel (Du¨sseldorf, Germany)
and were received by Imperial College in cartridges. The uncured resins were stored in
a freezer to avoid any unwanted chemical reaction occurring prior to curing. Two sets
of steel picture frame moulds were used: one to cast 210×110 mm2 plates and another
to cast 155×80 mm2 plates. The thickness of the cured plates was varied by using a
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multiple number of picture frames and, typically, 3 and 7 mm thick plates were cast
and cured. The steel moulds were ﬁrst thoroughly cleaned by scraping oﬀ any residue
using a razor blade and were then wiped with acetone. The moulds were then coated
with a high-temperature resistant release agent, ‘Frekote 700-NC’ (Loctite, Du¨sseldorf,
Germany) as shown in Figure 4.1(a). The coated moulds were left in a fume cupboard
for at least 30 minutes to allow the excess release agent to evaporate.
??? ??? ???
??????
Figure 4.1: Cast curing method: (a) coating of the cleaned moulds with release agent, (b) defrosting
of frozen uncured epoxy, (c) epoxy resin squeezed into the picture frame mould, (d) degassing in a
vacuum oven, and (e) closing of the mould.
The uncured epoxy formulation in a cartridge was defrosted at 65◦C for 45 minutes
(Figure 4.1(b)). The necessary number of picture frames were clamped down to their
base plates and then the epoxy resin was carefully squeezed into the casting mould by
attaching a nozzle to the cartridge and using a cartridge gun as shown in Figure 4.1(c).
Before closing the mould, the epoxy was degassed in a vacuum oven at 65◦C for 30
minutes (Figure 4.1(d)). The temperature of the vacuum oven was well below the curing
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temperature (i.e. << 180◦C) to ensure that the epoxy did not cure prematurely.
After degassing, the mould was closed using a cover plate and a set of clamps, but a
small gap was left on one side for the excess resin to flow out. The closed mould was
then placed in a preheated (65◦C) oven. One thermocouple was placed inside the resin
to monitor the temperature of the formulation during the curing cycle and another
thermocouple was used to monitor the oven temperature. Measurements from both
thermocouples were recorded using a computer.
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Figure 4.2: Temperature vs. time trace of the oven and the epoxy during a curing cycle.
Figure 4.2(a) shows the early stages of the initial curing schedule that was employed
and it is clear that an exothermic reaction occurred at just below 100◦C due to the
accelerator mixed in the formulation. Exothermic reactions raise sharply the tempera-
ture of the curing epoxy formulation, and therefore, can cause uncontrolled and uneven
curing, and even burning of the epoxy [136].
Therefore, in order to avoid the exothermic reaction during the curing process, the
curing schedule was altered and the temperature in the oven was raised in three steps.
This new and the final curing schedule is shown in Figure 4.2(b) and consisted of three
steps: (i) the oven was initially heated up to 85◦C at 0.5◦C/minute and then was held
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for an hour at 85◦C, (ii) the temperature ramp rate was reduced to 0.1◦C/minute up
to a temperature of 100◦C and was then held at 100◦C for an hour to ensure that
the temperature of the epoxy was uniform, and (iii) the oven temperature was finally
raised to 183◦C at 1.0◦C/minute and then held at 183◦C for 70 minutes. With such a
curing schedule, the actual temperature of the epoxy formulation was maintained at
180◦C for at least 60 minutes. The cured epoxy formulation was allowed to naturally
cool down to room temperature in the mould kept in the oven.
4.3 Glass Transition Temperature
A ‘DMA Q800’ (TA Instruments, Delaware, USA) machine was used to undertake
dynamic mechanical thermal analysis (DMTA) to measure the glass transition temper-
ature of the cured formulations and to investigate the phase separation of the tough-
eners in the epoxy polymers. A beam of 3×10×60 mm3 was cut from the cured plates
using a table saw fitted with a diamond-coated circular blade (Proxxon, Fo¨hren, Ger-
many). Figure 4.3 shows the DMTA specimen dimensions and the dual-cantilever
configuration. The specimen was oscillated at a frequency of 1 Hz with a 20 µm deflec-
tion. The clamped specimen, which was placed inside a furnace, was initially cooled
down to -100◦C using liquid nitrogen and the temperature was then raised to 250◦C
at 4◦C/minute. This particular temperature range was chosen because initial tests
showed that the α and β transitions of the DGEBA epoxy polymer were well within
this range, and the Tg of the pure tougheners, given in the previous Chapter, was also
within this temperature scan range.
A small secondary peak was sometimes observed when there was phase separation of the
toughener from the epoxy polymer. However, it was not always possible to distinguish
this Tg of the phase separated toughener, as it was always superimposed on the char-
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Figure 4.3: DMTA dual-cantilever test set-up.
acteristics of the unmodified epoxy polymer. The Tg of the phase separated toughener
was therefore only reported where the its peaks were clearly distinguishable.
When the added toughener was dissolved in the epoxy matrix, there was a change in
the value of the Tg of the modified epoxy polymer compared to the unmodified epoxy
polymer. The Fox equation [137] was used to estimate the amount of toughener in
solution in the base epoxy polymer:
1
Tg,blend
=
wepoxy
Tg,epoxy
+
wtoughener
Tg,toughener
(4.1)
where wepoxy and wtoughener are the weight fractions of the epoxy and the toughener,
respectively. Note that the weight fraction of the toughener in this case is not the
total amount of the toughener added in the formulation, but the weight fraction that
has dissolved in the matrix, i.e. in solution in the base epoxy polymer. This informa-
tion provided some guidance when identifying the morphology of the toughened epoxy
polymers.
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4.4 Morphology
Atomic force microscopy (AFM) was used to investigate the morphology of the un-
modified epoxy polymer as well as the morphological changes when tougheners were
added. The AFM technique employed a micrometre-sized cantilever beam fitted with
a nano-sized tip at the end. The tip is commonly a square-based pyramid or a cone,
and a typical AFM scanning tip is illustrated in Figure 4.4. As the tip was tapped
along the specimen surface, the amount of deflection of the cantilever was measured
and this information was converted into a phase or a height profile [138].
Specimen
Silicon tip
Cantilever nominal dimensions
Thickness:      3 μm
Length:      125 μm
Width:          35 μm
Tip nominal dimensions
Radius:          8 nm
Height:        18 μm
Rectangular 
cantilever
Figure 4.4: Illustration of an AFM tip. Dimensions of a typical tip from [139].
Due to the size of the tip, the specimen surface had to be flat and smooth in order
to obtain successfully the morphology using AFM. A specimen surface was prepared
as illustrated in Figure 4.5: (a) firstly, a small piece of approximately 5×5×3 mm3
was cut from the cast cured plates using a handsaw, (b) one face was carved into
a pyramid shape with a razor blade, and (c) the tip of the pyramid was first cut
flat with a glass knife using ‘PowerTome XL Cryo-Ultramicrotome’ (RMC, Arizona,
USA). Then, the cutter was changed to a diamond knife and thin slices of 500, 200 and
100 nm were progressively and repeatedly cut off at a speed of 0.3 mm/second. If a
formulation contained a toughening agent with a sub-zero glass transition temperature
(e.g. rubber) then the sample was cut in a cryogenic chamber at -80◦C to avoid smearing
and/or deformation of the particles. (Note that cryogenic cutting produced relatively
rougher surfaces when compared to room temperature cutting. Thus, it was sometimes
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necessary to cut specimens at room temperature even when rubbery particles were
present.) When a suﬃciently ﬂat area was prepared (typically 1×1 mm2) the specimen
was ﬁxed on a metallic disc with double-sided tape.
?????????? ??
?????????? ??
??
?? ???? ???? ? ?
??
?
?
?
?? ?????????????????????????????????????? ??
??????? ???? ?????? ?????? ??????????
??
Figure 4.5: Schematic illustration of atomic force microscope sample preparation.
The AFM set-up is presented in Figure 4.6. The atomic force microscope was a ‘Multi-
Mode Scanning Probe Microscope’ ﬁtted with an ‘E-scanner’ (V eeco, New York, USA).
The tip was a ‘MP-11100-10’ silicon tip (Bruker, Massachusetts, USA) as described
in Figure 4.4. The prepared specimen surface was scanned in a tapping mode, at a
frequency of 1 Hz and 512×512 pixel images were recorded at various magniﬁcations
using ‘NanoScope Software’ (V eeco, New York, USA).
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? ?????????
????????
?????
?????
???
Figure 4.6: Atomic force microscopy set-up.
In order to describe fully the morphologies of the formulations, the terms often used to
describe the assemblage of particles need to be clearly deﬁned. When primary particles,
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whether hard or soft, interact with each other and assemble into a cluster, the terms
‘agglomerate’ and ‘aggregate’ are commonly used. Sometimes these expressions are
used without a distinction and sometimes they mean two different phenomena. Very
confusingly, individuals have different definitions and even worse, the British Standards
Institution and the International Standards Organisation have conflicting definitions,
see the review written by Nichols et al. [140] for a summary of definitions. BS 2955:1993
[141] defines agglomerate and aggregate as:
agglomerate – an assembly of particles rigidly joined together as by partial
fusion, sintering or by growing together;
aggregate – an assembly of particles which are loosely attached to each other.
The ISO 14887 Standard [142] defines the same terminologies as:
agglomerate – an assemblage of particles which are loosely coherent;
aggregate – an assemblage of particles rigidly joined together.
In addition to the above two terms, the ISO Standard [142] has an additional term
called a ‘clump’ that combines the two meanings:
clump – an assemblage of particles which are either rigidly joined or
loosely coherent.
There is no universal convention of the meanings of the two terms as shown above. In
the present study, the definitions of the terms ‘agglomerate’ and ‘aggregate’ will follow
the ISO 14887 Standard [142] quoted above to avoid any confusion.
4.5 Quasi-static Properties
The tensile, compressive and quasi-static fracture properties of the epoxy polymers
were measured using the following methodologies.
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4.5.1 Tensile Properties
Tensile tests were carried out on dumbbell specimens in accordance with the BS 2782
Standard [143]. Rectangular strips of 75×12.5 mm2 were first cut from 3 mm plates
using a diamond-coated circular blade. The strips were then cut into the dumbbell
profile as shown in Figure 4.7 using a router in a pre-made jig. The dimensions of each
specimen were measured using a digital vernier calliper and the conformity with the
Standard [143] was checked. The measured dimensions of each specimen were used to
process the test data. At least six specimens were tested per formulation at a crosshead
displacement speed of 1 mm/minute at room temperature. A strain gauge extensometer
with knife edges was attached at the gauge length (25 mm) of the dumbbell specimen
for an accurate measurement of the strain, as shown in the photograph of the tensile
test set-up in Figure 4.7.
75
12
.5
25 4
R12.5
R8
Thickness = 3
All dimensions in mm
12.5
Grips
Extensometer
Dumbbell
specimen
Figure 4.7: Tensile test set-up.
Engineering properties, indicated by the subscript e, were converted into the true values
via [144]:
σ = σe(1 + εe) for true stress, and (4.2)
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ε = ln(1 + εe) for true strain. (4.3)
The converted true data-points were plotted as shown in Figure 4.8. The Young’s
modulus, E, of each specimen was calculated using:
E =
σ2 − σ1
ε2 − ε1 (4.4)
where σ1 and σ2 correspond to the true stress values at ε1 = 0.0005 and ε2 = 0.0025,
respectively, as suggested by the BS 2782 Standard [143]. The tensile yield properties
were measured at the first point of zero-gradient as illustrated in Figure 4.8(a), however,
such clear characteristics were not always observed across all the formulations. A true
stress-strain curve of a typical epoxy polymer is shown in Figure 4.8(b). As epoxy
polymers are usually relatively brittle in nature, the specimen fails before reaching
the yield point. Therefore, plane strain compression tests were carried out to obtain
the true compressive yield strength instead. This test enables the yield behaviour to
be studied since any defects in a material tend to close rather than open-up under
compressive loads and therefore, the specimen can endure a higher level of strain.
Indeed, brittle materials, such as the epoxy polymers, will undergo some extent of
yielding and plastic deformation in compression or shear [5]. As will be described in
the next Section, it is possible to convert the compressive yield strength into the tensile
yield strength. Only the ultimate tensile strength, σUTS, was quoted from the tensile
tests and all the true tensile yield strength values were converted from values of the
true compressive yield strength.
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Figure 4.8: True tensile stress-strain trace of polymers.
4.5.2 Compressive Properties
Plane strain compression (PSC) tests were conducted following the procedure proposed
by Williams and Ford [145]. Square specimens of 40×40 mm2 were cut from the cured
3 mm plates using a diamond coated circular blade. The surfaces of the specimens
were carefully polished by hand with 1200, 2400 and 4000 grit sandpaper with water
on a ‘Labopol-21’ grinder (Struers, Ballerup, Denmark). The dimensions of all the
specimens were measured using a digital vernier calliper and the conformity with the
guideline [145] was checked.
Two 12 mm wide steel compression platens were used to compress the specimen. The
contact surface of the platens were identically polished following the technique used for
the PSC specimens. Before placing the specimen between the two parallel platens, a
generous amount of ‘BRZ Plus Multi-Grease Extreme Pressure’ lubricant (Dow Corn-
ing, Michigan, USA) was applied to all the contact surfaces. A set square was used to
make sure that the free-edge of the PSC specimen was parallel to the platens.
The set-up of the PSC test is shown in Figure 4.9. The load cell had a capacity of
250 kN and the specimen was compressed at a crosshead speed of 0.1 mm/minute at
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Figure 4.9: Plane strain compression test set-up.
room temperature. The test was continued until the PSC specimen was completely
crushed and became powder-like in order to obtain the compressive strain at failure.
One specimen per formulation was unloaded immediately after strain softening had
occurred in order to investigate the presence of the shear-bands, see Section 4.7.1. The
raw displacement values obtained from the PSC tests are the sum of the displacement of
the specimen and the rig. Therefore, the test rig without a specimen being present was
subjected to a crosshead speed of 0.1 mm/minute in order to measure the compliance,
which is the ratio of the displacement and load on the test rig. Using the compliance,
the displacement of the test rig at different values of applied load was calculated and
subtracted from the test data in order to obtain the actual value of displacement that
the PSC specimen has experienced. The engineering compressive properties, indicated
by the subscript ce were converted into the true compressive values, indicated by the
subscript c, according to the work of Williams and Ford [145]:
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σc =
√
3
2
· σce for true compressive stress, and (4.5)
εc =
2√
3
· ln
(
Bc
B
)
for the true compressive strain (4.6)
where B and Bc are the thicknesses of the original and compressed PSC specimen,
respectively. A schematic of the true compressive stress-strain curve is shown in Figure
4.10. The yield properties were obtained from the first point of zero-gradient, as
indicated on the plot; and where such a point was not present the point of the lowest
gradient in the initial plastic region was chosen. The compressive properties at failure
were measured at the maximum compressive stress.
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Figure 4.10: True compressive stress-strain curve from a plane strain compression test.
The true compressive yield stress, σyc, was converted to the true tensile yield stress,
σy, by using a relationship published by Huang and Kinloch [15]:
σy = σyc ·
√
3− µm√
3 + µm
(4.7)
where, µm is a material constant that describes the pressure sensitivity of the material in
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the von Mises yield criterion [5, 93], and is reported to be in the range of 0.175∼0.225 for
epoxy polymers [12]. The average value of 0.2 was used in the present study following
previous studies [12, 83, 84] of epoxy polymers.
4.5.3 Mode I Fracture Properties
Single-edge notched bend (SENB) tests were conducted according to BS ISO 13586
[146]. The specimen dimensions are presented in Figure 4.11. The typical value of
the width of the specimen, W , was 14 mm, but wider specimens were sometimes
machined for tougher materials to ensure that the plane strain conditions were fulfilled
as explained later in this Section. Rectangular bars were first cut from the cured plates
using a diamond-coated circular blade and a notch was machined on one side by using a
chevron saw blade on a horizontal mill. The overall dimensions of the SENB specimen
were measured using a digital vernier calliper. The pre-crack was initiated by tapping
a razor blade into the notch so that the initial crack length, a0, was within 45∼55% of
the width of the specimen.
Thickness, B = W/2
4.4W
a
0.45W < a < 0.55W
W
Typical width, W = 14 mm
Fixed support rollers
(4W apart)
Extensometer
SENB specimen
Loading direction
Figure 4.11: Single-edge notch bend test set-up.
The positions of the fixed support rollers were adjusted according to the specimen size,
and the separation was always four times the width of the SENB specimen. A strain
gauge extensometer was attached to a spring loaded bar as shown in Figure 4.11. The
base of the bar was fixed to the rig and the top was free to move and was firmly in
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contact with the bottom of the SENB specimen at the zero-load position. At least
eight specimens per formulation were tested at a crosshead speed of 1 mm/minute at
room temperature.
The pre-crack was stained using a permanent marker prior to testing in order to ease the
process of identifying the pre-crack after the fracture. The length of the initial crack
was measured after the testing by examining the fracture surface using a travelling
optical microscope, as illustrated in Figure 4.12.
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Figure 4.12: Measuring initial crack length on fracture surface of a SENB specimen.
In order to calculate the mode I fracture toughness, KIc, a conditional value of the
stress intensity factor, KQ, was calculated via [146]:
KQ =
(
PQ
B ·W 0.5
)
· f(a/W ) (4.8)
where B is the thickness, and PQ is measured from the load-displacement curve as
illustrated in Figure 4.13. If the 95% gradient line (AC) intersects the curve on the
left-hand side of the maximum load, Pmax, then the value of PQ is the load at this
intersection. If the 95% gradient line intersects the curve on the right-hand side of
Pmax, then PQ = Pmax.
The last term in Equation 4.8, f(a/W ), is a function of the crack length, a, and the
width, W , and is deﬁned for SENB specimens as [146]:
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Figure 4.13: A schematic load-displacement curve of a SENB test.
f(α) = 6α2
[
1.99− α(1− α)(2.15− 3.93α + 2.7α2)
(1 + 2α)(1− α)3/2
]
(4.9)
where α = a/W . KQ can be accepted as the mode I fracture toughness, KIc, if the
test was conducted in a plane strain condition. If the following expression was true,
then the plane strain condition was achieved:
B, a, (W − a) > 2.5×
[
KQ
σy
]2
. (4.10)
If the above condition was not fulfilled, then the test was repeated using thicker speci-
mens. Once the KIc was measured, the mode I fracture energy, GIc, and the radius of
the plastic zone, ry, were calculated using the following Equations [2]:
GIc =
K2Ic(1− ν2)
E
and (4.11)
ry =
1
6pi
[
KIc
σy
]2
(4.12)
where ν is the Poisson’s ratio and the value is 0.35 for epoxy polymers [147].
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4.6 Cyclic-fatigue Properties
Cyclic-fatigue tests were carried out according to the ASTM E647-00 Standard [148].
The dimensions of a compact tension (CT) specimen are shown in Figure 4.14(a). The
typical thickness, B, and width, W , of a CT specimen were 7 and 40 mm, respectively.
The bulk specimen was ﬁrst machined using a diamond-coated circular blade and the
dimensions were measured using a digital vernier calliper. The holes for mounting onto
the shackles were drilled using a milling machine, and the notch was machined using a
chevron saw blade on a horizontal mill.
?????
??
????????
?
????
???
??
???????????????
???? ??? ? ???? ?????? ?
(a) CT specimen dimensions [148]. (b) Alignment of a ‘Krak Gage’.
Figure 4.14: Fatigue test CT specimen dimensions and positioning of a ‘Krak Gage’.
All the formulations examined in the present project were opaque, which meant that
the crack length was diﬃcult to measure using an optical travelling microscope. There-
fore, a ‘Krak Gage’ (Rumul, Schaﬀhausen, Switzerland), which is a thin ﬁlm electrical
crack length transducer [149], was used. One side of the CT specimen was ﬁrst rough-
ened using a piece of sandpaper to increase the surface area and then cleaned using a
degreasing agent, ‘CSM-2’ (Vishay, Pennsylvania, USA). As shown in Figure 4.14(b),
a Krak Gage was positioned so that the top edge was parallel to the top edge of the CT
specimen. The tip of the triangular alignment mark on the Krak Gage was carefully
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aligned with the notch and the Krak Gage was temporarily fixed in position using a
piece of adhesive tape. The Krak Gage was then permanently adhered to the CT spec-
imen using a two-part ‘M-Bond AE-10 Strain Gauge Adhesive’ (Vishay, Pennsylvania,
USA), by applying a thin layer between the Krak Gage and the CT specimen surface.
Weights were placed on the specimen to apply some pressure on the uncured adhesive,
which was allowed to cure for at least 10 hours at room temperature.
A four-wire cable was used as the connection between the Krak Gage and the amplifier,
‘Fractomat’ (Rumul, Schaffhausen, Switzerland). The Fractomat applies a constant
current across the Krak Gage and monitors the crack length by converting the output
voltage of the Krak Gage into a crack length. A pre-crack, roughly about 20% of the
width (see Figure 4.14(a)), was initiated through the specimen and the Krak Gage by
tapping a razor blade into the notch in order to ensure that a single crack propagated
through the middle of the CT specimen. The pre-crack was only tapped after the Krak
Gage was adhered to the specimen and calibrated using the Fractomat amplifier.
Displacement controlled fatigue tests tend to create less heat build-up in the specimen
compared to load controlled conditions [150]. Furthermore, displacement controlled
fatigue tests, in general, need a shorter length of testing time [151], and thus are more
convenient. The present study, therefore, employed displacement controlled cyclic-
fatigue tests. The maximum displacement was determined from the maximum load,
Pmax, that a CT specimen could withstand without fracturing. Equation 4.13 was used
to calculate the maximum load:
Pmax =
KIc ·B ·
√
W
f(a/W )
(4.13)
where f(a/W ) for the CT specimens is [148]:
f(α) =
(2 + α)
(1− α)3/2 (0.886 + 4.64α− 13.32α
2 + 14.72α3 − 5.60α4) (4.14)
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where α = a/W . (Note that the function, f(a/W ), is different for SENB and CT spec-
imens.) The CT specimen was only loaded up to two-thirds of Pmax to ensure that the
specimen did not fracture during the initial loading of the specimen. The displacement
corresponding to this particular load was defined as the maximum displacement, δmax,
as indicated in Figure 4.15. In order to ensure that a tension-tension loading cycle was
employed, the ratio between the minimum and the maximum displacements, Rδ, was
fixed at 0.5. The oscillation was set to a sine-wave form at a frequency of 5 Hz.
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Figure 4.15: Displacement controlled cycle input.
As shown in Figure 4.16, a cyclic-load compatible 1 kN load cell with a resolution
of ±0.5 N was mounted on a servo-hydraulic fatigue testing machine ‘Instron 8872’
(Instron, Massachusetts, USA). The position of the crosshead was directly measured
from the testing machine, which had a range of ±50 mm and a resolution of ±0.01 mm.
The crack length was amplified using a Fractomat and all the data were automatically
collected at a selected intervals using a ‘PowerLab’ data logger and ‘Chart 7’ software
(both AD Instruments, Sydney, Australia). A typical interval was 5 minutes for the
fast fatigue fracture region and was reduced to every 30 minutes near the threshold
region.
The maximum and the minimum applied stress intensity factors, Kmax and Kmin, were
calculated from the corresponding loads via:
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Figure 4.16: Set-up of a fatigue test on a compact tension specimen.
Kmax,min = f(a/W ) · Pmax,min
B · √W (4.15)
where Pmax and Pmin are the maximum and the minimum applied loads, respectively,
and f(a/W ) was defined in Equation 4.14. The stress intensity factors were converted
into strain energy release rates via:
Gmax,min =
K2max,min(1− ν2)
E
. (4.16)
The range of the fracture energy, ∆G, is the difference between the values of Gmax
and Gmin, and plotting the logarithm of ∆G or Gmax against the logarithm of da/dN
will not have a significant influence on the general trend of the fatigue properties
[152]. However, it is advisable to use the Gmax values because even though a tension-
tension cycle was employed, there is a chance of the fracture surfaces coming into
contact, especially in the threshold region. The minimum applied load at the threshold
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is typically in the range of 5∼10 N, and any debris created by the fracture could
influence this value and portray a false Gmin value [30, 152]. Therefore, the fatigue
test results presented in this study will use the Gmax values to describe the fatigue
characteristics.
For the measurement of the fatigue crack growth in a CT specimen, the function
f(a/W ) (Equation 4.14) was only valid for when the ratio, a/W , was larger than 0.2
according to the Standards [148, 153]. However, there is also an asymptote at a/W = 1,
because the function has the expression ‘(1− a/W )3/2’ in the denominator. (However,
quite obviously, the fatigue crack length cannot exceed the width of the CT specimen).
Figure 4.17(a) illustrates how the value of f(a/W ) varies with the a/W ratio. The plot
clearly shows that the magnitude of the function tends to infinity as the a/W ratio
approaches unity.
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Figure 4.17: Experimental fatigue result when a/W is large.
Indeed, Figure 4.17(b) is an experimental result where the crack length has reached over
90% of the sample width. As the value of the a/W ratio exceeds 0.85, the maximum
applied fracture energy in a fatigue cycle increases, rather than stabilises. This example
suggests that there should be an upper limit of a/W in addition to the lower limit value
of 0.2. Therefore, the experimental results were treated to be valid only if the threshold
was reached within 0.2 < a/W < 0.85.
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The ASTM E647-00 Standard [148] states two methods to measure the crack growth
rate per cycle, da/dN . The ﬁrst scheme is called the ‘secant method’, which simply
calculates the gradient of the straight line connecting two adjacent points, i.e.:
da
dN
=
ai+1 − ai
Ni+1 −Ni . (4.17)
The second approach is the ‘incremental polynomial method’. This method ﬁts a
second order polynomial to a selected set of (2n + 1) successive points, where n is
commonly an integer between one to four [148]. The details can be found in the ASTM
E647-00 Standard [148]. Both the secant and the incremental polynomial methods were
employed and the results were compared. The value of n was chosen to be three in
the present study, i.e. a parabola was ﬁtted to seven consecutive points, and it is clear
that the scatter is smaller using the incremental polynomial method compared to the
secant method, as shown in Figure 4.18(a).
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(a) Secant vs. incremental polynomial.
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(b) Linear and threshold regions.
Figure 4.18: Methods of processing fatigue test data.
The data-points were divided into the linear and the threshold regions by disregarding
the linear-to-threshold transition region as illustrated in Figure 4.18(b). Then linear
regression via ‘Excel’ software (Microsoft, Redmond, USA) was used to calculate the
gradient of the linear region and the position of the vertical line at the threshold.
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4.7 Analysis of Toughening Mechanism
The techniques used to determine the toughening mechanisms are described in the
present Section.
4.7.1 Cross-polarised Light Transmission Microscopy
One plane strain compression (PSC) test specimen per formulation was unloaded im-
mediately after experiencing strain softening and the cross-section of the compressed
region was examined using cross-polarised light transmission microscopy. A thin cross-
section (100 µm) can reveal any occurrence of shear-band plastic yielding. The sample
preparation method is illustrated in Figure 4.19: (a) firstly, when a PSC specimen is
unloaded immediately after strain softening, a band of compressed region exists, (b) a
segment (∼20×10 mm2) of the central region was cut out using a cutter, ‘Accutom-5’
(Struers, Ballerup, Denmark), which was fitted with a water cooled diamond blade.
One side of the cross-section was progressively ground and polished with 1200, 2400
and 4000 grit sandpaper, where 4000 grit is equivalent to 3 µm cloth polishing, with
water by hand using a ‘Labopool-21’ grinder (Struers, Ballerup, Denmark), (c) the
polished side was adhered to a glass microscope slide using ‘Precision Super Glue’
(Loctite, Du¨sseldorf, Germany) and pressurised using a binder clip. It was allowed to
cure for at least an hour at room temperature, and finally, (d) the unpolished free-
end was identically ground and polished until the thickness was 100 µm, which was
measured using a digital vernier calliper.
The polished cross-section adhered on the glass microscope slide was then placed in-
between two polarising filters as illustrated in Figure 4.20(a). Light was transmitted
through the sample and the two polarising filters were rotated to be crossed to black-
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out the background and to give the maximum contrast. The resulting images can reveal
any existing shear-bands in the PSC specimen as shown in Figure 4.20(b), because the
shear-bands rotate the plane of the polarised light.
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Figure 4.19: Preparation of a plane strain compressed specimen for shear-band examination.
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(a) Cross-polarised light transmission microscopy
set-up.
(b) An example of PSC cross-
section with extensive shear-
band plastic-yielding [84].
Figure 4.20: Cross-polarised light transmission microscopy.
4.7.2 Scanning Electron Microscopy (SEM)
The fracture surfaces of the quasi-statically and cyclically loaded specimens were ex-
amined to investigate the fracture mechanisms. A small piece of the fracture surface
of SENB specimens was cut-oﬀ using a razor blade and was attached to a stub using a
double-sided adhesive carbon tape as illustrated in Figure 4.21. The extracted samples
were typically 1-2 mm thick and the surface was electrically connected to the carbon
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Figure 4.21: Scanning electron microscopy specimen preparation.
tape using ‘Silver Conductive Paint’ (RS Components, Corby, UK) to prevent charg-
ing upon imaging. The samples were sputter-coated with chromium using a ‘K575X
Peltier Cooled Sputter Coater’ (Emitech, Montigny le Bretonneux, France) at 75 mA
for 1 minute, which produced a 15 nm thick coating layer. Charging occurred when
the coating was too thin, but over-coating was not recommended as the characteris-
tics on the surface would be veiled. Field-emission gun scanning electron microscopy
(FEGSEM) was used to examine the coated fracture surfaces. A ‘Gemini Leo 1525’
(Carl Zeiss, Jena, Germany) ﬁeld-emission scanning electron microscope was used with
an accelerating voltage of 5 kV. When the samples were properly coated, up to 100,000
times magniﬁcation imaging was typically possible.
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Figure 4.22: A schematic of a fatigue fracture surface of a CT specimen and fatigue test result.
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The fracture behaviour at the threshold of a fatigue fractured specimen is different
to that of the initiation region due to the differences in the applied energy levels.
Therefore, a small piece was extracted from three different locations of the fatigue-
loaded CT specimen, namely, initiation, propagation and threshold, as indicated in
Figure 4.22.
4.7.3 Image Analysis
The methodologies employed to process the images obtained using atomic force mi-
croscopy (AFM) and field-emission gun scanning electron microscopy (FEGSEM) are
described in this Section.
4.7.3.1 Calculating the Volume Fraction of Particles
It is widely accepted that the average area fraction, Af , of a secondary phase is a good
representation of the volume fraction, Vf , as comprehensively explained by Underwood
[154]. The area fraction of the phase separated particles was measured from the micro-
graphs using AFM. A typical AFM image of a CSR-modified epoxy adhesive is shown
in Figure 4.23(a), as an example. The particles were first individually identified by
visual inspection and coloured-over on a separate layer using a GNU image manipu-
lation programme, ‘GIMP’ (The GIMP Team, http://www.gimp.org). The coloured
‘dots’ were extracted as seen in Figure 4.23(b). Finally, this information was fed into
an image processing software, ‘ImageJ’ (National Institutes of Health, Bethesda,
USA), and the area of the individual particles was obtained using a built-in macro,
‘Particle Analysis’ (Figure 4.23(c)).
As well as the experimentally measured volume fraction, the expected Vf of the CSR
particles was calculated using the data provided by the supplier. The densities of the
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0.5 μm
(a) A typical AFM image
of a CSR-modified epoxy.
0.5 μm
(b) Particles are individu-
ally identified.
(c) Particle area was ob-
tained using ‘ImageJ’.
Figure 4.23: Method of measuring the area fraction and the average diameter of the particles.
masterbatch and the carrier resin were known [38, 134, 135], and thus the density
of the CSR particles could be calculated. Since the weight percentage of the CSR
toughener in a formulation was also known, the theoretical volume fraction could be
calculated.
Now, even though the average area fraction is mathematically a good representation
of the volume fraction of the particles, the average diameter of the spheres determined
was expected to be smaller than the actual size. This arises since the flat surface of
an AFM sample is prepared by repeatedly slicing off thin sections using a diamond
knife (see Figure 4.5). During this process, it is highly unlikely that all the spherical
particles are cut through the equator. As illustrated in Figure 4.24, particles are highly
likely to be sectioned at somewhere between the equator and the pole. Obviously the
perceived diameter of a particle will be the largest when it is cut through the equator,
and gets smaller as the particle is cut towards the pole. The true diameter of the
sphere is represented by the cross-section of the equator, and therefore the average
diameter measured from the sectioned particles is expected to be smaller than the
actual size.
If the standard deviation of the actual diameter of the CSR particles was very small,
then the maximum diameter measured from the AFM will be the true diameter. How-
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Figure 4.24: Illustration of sectioning of spherical particles.
ever, one cannot be completely certain that the sizes of the CSR particles are all iden-
tical. Therefore, the dimensions of all the visible particles on the AFM images were
measured and the average values and the standard deviations were determined.
4.7.3.2 Eﬀect of Sputter Coating on Volume Fraction
The inﬂuence of sputter coating on the measured dimensions was investigated. Figure
4.25 illustrates two cases, where (a) the coating thickness is uniform when measured
normal to the surface and another, more realistic case, where (b) the coating is not
uniformly applied. If the former case was true, then the measured diameter of the voids
before and after coating will be diﬀerent, whereas, there will be no major diﬀerence if
the latter case was true.
?????
?????? ??????? ?
????
?????
(a) Uniform thickness of coating.
???????????? ?
(b) Prediction of actual coating.
Figure 4.25: Illustration of sputter coated specimens.
A microtomed specimen of a CSR modiﬁed formulation, 10CSi, was prepared and was
examined in a clean (uncoated) condition using AFM (Figure 4.26(a)) and then the
identical sample was coated with 15 nm of chromium and rescanned using AFM (Figure
4.26(b)). The diameter of the cores was measured from the two AFM images and was
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measured to be 50±9 nm and 49±11 nm, respectively. This implies that the coating
does not have any significant influence on the dimensions of the spherical particles
measured using AFM.
1. 'Clean' state 2. Coated with 15 nm thick chromium
identical AFM sample of 10CSi
AFM: ave. diameter = 50 nm AFM: ave. diameter. = 49 nm FEGSEM: ave. diameter = 37 nm 
0.5 μm0.5 μm0.5 μm
(a) (b) (c)
Figure 4.26: Morphology of 10CSi using AFM and FEGSEM techniques.
Despite the observations above, the average particle diameter was only measured to
be 37±11 nm when the same coated specimen was examined using FEGSEM (Figure
4.26(c)). This suggests that the difference in the dimension arises from the different
techniques employed rather than due to the sputter coating itself. It should be noted
that both the AFM and FEGSEM machines were calibrated and the length scales were
checked using a calibration sample. In the present study, the average diameter of the
particles was separately measured using both AFM and FEGSEM techniques for a
comprehensive analysis.
4.7.3.3 Determination of Percentage of Void Growth
The percentage of the CSR particles having undergone a cavitation and void growth
process was identified in order to calculate what proportion of the particles had con-
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tributed towards this type of toughening mechanism. Figure 4.27 illustrates how this
was done: (a) firstly, the fracture surface was examined using FEGSEM, and (b) all
the cavities were visually identified and coloured over on a separate layer, (c) the cav-
ities were separated from the micrograph for easier processing, and (d) the area of
each identifiable cavity was obtained using the ‘ImageJ’ software as explained in Sec-
tion 4.7.3.1. Note that only the particles with a 75∼100% circularity were taken into
account. The number of cavities that were larger in size compared to the un-voided
particles was then counted. Since the fracture surface was examined using FEGSEM
the dimension of the un-voided CSR particles was taken as the average value measured
using FEGSEM images of the microtomed surface.
(c)
0.5 µm
(a) (b) (d)
Figure 4.27: Method of processing FEGSEM images to determine the percentage of particles having
undergone void growth.
4.8 Concluding Remarks
The present Chapter on ‘Experimental Methods’ has described how the formulations
were cured and how the specimens were machined for testing. The experimental meth-
ods and the equipment have been described, in addition to the microscopy techniques
employed to study the epoxy polymers. The next Chapter presents the results for the
unmodified epoxy polymer.
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Unmodified Epoxy Polymer
5.1 Introduction
The present Chapter describes the properties of the unmodified epoxy polymer. The
constituents making up the unmodified epoxy formulation were described in Section 3.2
and are listed again in Table 5.1. As described in Section 4.2, the unmodified epoxy
formulation was cured at 180◦C for an hour in a steel mould. The cured sheets of
epoxy polymer were first used to determine the glass transition temperature and to
investigate the morphology. The quasi-static and the fatigue characteristics were then
determined, as well as the corresponding fracture mechanisms.
Table 5.1: Constituents in the unmodified epoxy formulation.
Constituent wt.%
Epoxy resin: Epon 828 (DGEBA) 83.5
Curing agent: Dicyandiamide 9.0
Thixotrope: Fumed silica 3.5
Diluent: Epoxy reactive diluent 3.5
Accelerator: Fenuron 0.5
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5.2 Glass Transition Temperature
The glass transition temperature of the unmodified epoxy polymer was measured using
dynamic mechanical thermal analysis (DMTA), as explained in Section 4.3. Figure 5.1
presents the tan(δ)-temperature curve of the unmodified epoxy polymer. The glass
transition temperature, Tg, measured at the peak of the tan(δ) trace was 132
◦C and
there was a β transition of the epoxy polymer at -68◦C. Two tests were carried out
and the uncertainty associated with the measurements was ±2◦C.
0.8
0.6
0.4
0.2
0.0
tan
(δ)
-100 -50 0 50 100 150 200 250
Temperature (°C)
T  = 132 °C 
T  = -68 °C β
g
Figure 5.1: DMTA tan(δ)-temperature curve of the unmodified epoxy polymer.
5.3 Morphology
As mentioned in Section 3.2, this unmodified, ‘control’ formulation was a DGEBA
epoxy resin containing an epoxy reactive diluent, fenuron, dicyandiamide and fumed
silica. The atomic force microscopy (AFM) images in Figure 5.2 reveal that the un-
modified epoxy polymer was homogeneous, except for the presence of aggregates of
fumed silica. (Note that the parallel cutting lines created during the process of mi-
crotoming should be ignored.) The average diameter of the primary particles of the
fumed silica, which were approximately spherical, was measured to be 30±8 nm. As
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described in Chapter 3, the fumed silica particles are speciﬁcally designed to form
branch-like aggregates in order to increase the viscosity of the epoxy resin [113]. As
shown in Figure 5.2(c), the fumed silica particles were aggregated as intended, form-
ing a three-dimensional structure. The size of a single branch-like aggregate exhibited
some variation, but was mostly no longer than about 300 nm.
?????????????????????
(a) AFM height image.
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(b) AFM phase image.
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(c) Aggregates of fumed silica (AFM).
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(d) FEGSEM image of fracture surface.
Figure 5.2: Morphology of the unmodiﬁed epoxy polymer.
The aggregates of fumed silica were comparable to those reported previously [91, 92,
155, 156]. Indeed, all the previously reported research has shown that the fumed silica
formed aggregates, and Battistella et al. [91] described the structure as “chain-like”
aggregates. A few examples of such micrographs of the fumed silica aggregates from
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the literature are presented in Figure 5.3. As may be seen, the structure of the fumed
silica shown in Figure 5.3 is very similar to that shown in Figure 5.2(c) from the present
study. Furthermore, the average diameter of the primary particles was reported to vary,
depending on the commercial type, but was in the range of 7∼30 nm [91, 92, 155, 156],
again in agreement with the values measured in the present study.
The study of the fracture surfaces can also help define the morphology of the epoxy
polymer, as presented in Figure 5.2(d). By studying a larger area, some spherical
agglomerates of the fumed silica were observed in addition to the branch-like aggregates.
The size of such spherical agglomerates was usually between 3∼10 µm in diameter. In
addition, a very small number of air bubbles of a few micrometres in size were observed,
which were created during the curing process. A considerable amount of effort was
made to remove the air bubbles from the uncured formulations by using a vacuum
oven. However, the air bubbles could not be completely removed due to the highly
viscous nature of the formulations.
(a) Average primary particle di-
ameter: 14 nm [88, 155].
(b) Average primary particle di-
ameter: 22.5±1.5 nm [157].
(c) Average primary particle di-
ameter: 30±5 nm [92].
Figure 5.3: Micrographs of aggregates of fumed silica.
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5.3.1 Tensile and Compressive Properties
The quasi-static tensile properties of the unmodified epoxy polymer were determined
using dumbbell shaped specimens as detailed in Section 4.5.1. Figure 5.4(a) shows
a typical true tensile stress-strain curve of the unmodified epoxy polymer. The ten-
sile modulus, E, of the unmodified epoxy polymer was 3.53±0.09 GPa. The tensile
behaviour was viscoelastic and no plastic deformation was exhibited. The specimens
failed in a brittle manner at an ultimate tensile strength of 73±13 MPa. No defini-
tive yield point was present and therefore, plane strain compression (PSC) tests were
conducted to ascertain the yield properties.
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(a) True tensile stress-strain curve.
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(b) True compressive stress-strain curve.
Figure 5.4: True tensile and compressive stress-strain curves of the unmodified epoxy polymer.
Under compressive loads the defects in the specimen tend to close, rather than open up,
which allows the material to undergo a higher level of strain before failure. Figure 5.4(b)
shows that the amount of strain endured by the specimen under a compressive stress
was considerably higher than that under a tensile stress. The true compressive yield
stress, σyc, of the unmodified epoxy polymer was 117±3 MPa and the specimen failed at
a true compressive strain, εfc, of 0.85±0.04 mm/mm. The small kinks in-between the
compressive yield point and the fracture point were caused by the specimen cracking.
Relatively large defects, such as micrometre-sized air bubbles, act as sites of stress con-
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centration and the specimen therefore cracks locally during the PSC tests at relatively
high compression strains.
The post-yield characteristics shown in Figure 5.5(a) reveal no sign of strain soften-
ing, which is atypical of DGEBA epoxy polymers. (Note that the dashed line shows
the true compressive yield stress of this particular specimen, which was 120 MPa, but
the average of all the specimens was 117 MPa.) Masania [84] and Hsieh [83] showed
that the unmodified DGEBA epoxy polymer which they employed undergoes a sig-
nificant amount of strain softening followed by work hardening under a compressive
stress. Therefore, it was suspected that the addition of the fumed silica nano-particles
could have had an effect on the strain softening behaviour. In order to investigate
this further, an epoxy polymer without the fumed silica particles was prepared and
the true compressive properties were measured. Figure 5.5(b) shows this result, and
the true compressive stress-strain curve of the unmodified epoxy polymer without the
fumed silica also exhibits no strain softening. In fact, the two curves in Figures 5.5(a)
and 5.5(b) are almost identical, and the epoxy polymer without the fumed silica ex-
hibits a marginally higher compressive yield strength of 120±2 MPa [158]. Therefore,
even though some other neat DGEBA epoxy polymers undergo strain softening, the
unmodified epoxy polymer employed in the present study intrinsically shows no such
behaviour.
The exact origin of strain softening in a glassy polymeric material is still unclear [159–
161], but it is closely related to the occurrence of shear-bands. As described earlier
in Section 2.5, shear-band plastic yielding is an important toughening mechanism.
Because strain softening after yielding has not been observed for the unmodified epoxy
polymer used in the present study, well defined shear-bands were not to be expected.
The cross-section of the plane strain compressed specimen was examined using cross-
polarised light transmission microscopy. Figure 5.6 shows this cross-section of the
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compressed specimen, which indeed does not show any distinctive shear-bands. Instead,
the transmitted light was diffused, which suggests that any shear yielding that occurs
is not in well-defined shear-bands.
As explained in Section 4.5.2, the compressive yield strength, σyc, of the unmodified
epoxy polymer was converted to the tensile yield strength, σy, using the relation-
ship by Huang and Kinloch [15], which was described in Section 4.5.2 (Equation 4.7).
The calculated true tensile yield strength of the unmodified epoxy polymer was 93±3
MPa.
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Figure 5.5: True compressive stress-strain curve of the unmodified epoxy polymer with and without
fumed silica, both showing no strain softening.
Compressed region
1 mm
Figure 5.6: Cross-section of plane strain compressed specimen of the unmodified epoxy polymer
examined using cross-polarised light transmission microscopy.
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5.3.2 Mode I Quasi-static Fracture Properties
Figure 5.7 shows a typical load-displacement curve during a single-edge notch bending
(SENB) test of the unmodified epoxy polymer. As for the tensile test results, the SENB
specimen under a constant displacement rate only shows a very confined plasticity at
the crack tip, and the bulk specimen exhibits almost no plastic deformation. When the
specimen experienced the critical load, the pre-crack that was initiated at the notch has
quickly propagated through the entire cross-section and a brittle failure was observed.
This is indicated by the sudden decrease in the load after the maximum load was
attained.
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Figure 5.7: Load-displacement curve of a SENB specimen of the unmodified epoxy polymer under
quasi-static loading.
The value of the mode I fracture toughness, KIc, of the unmodified epoxy polymer
calculated from the above data was 1.41±0.12 MPa·m0.5 and the value of the frac-
ture energy, GIc, was 494±81 J/m2. Previously reported values of GIc of unmodified
DGEBA epoxy polymers show some variations and are commonly reported in the range
of about 70∼500 J/m2 [30, 83, 84, 95, 162, 163]. However, it is not possible to compare
the GIc value of the unmodified epoxy polymer in the present study to the previously
reported values, because there are many variables. For example, the curing agent,
curing time/temperature and the use of diluents/thixotropes were all different. One of
the main differences to other epoxy polymers was that the unmodified epoxy polymer
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in the present study contained epoxy reactive diluent and fumed silica particles.
It was suspected that the presence of the fumed silica nano-particles could have some-
what toughened the epoxy polymer and therefore, an epoxy polymer without the fumed
silica was prepared and the fracture energy was measured. Without the fumed silica,
the epoxy polymer exhibited a GIc value of 256±53 J/m2 [158]. This shows that the
presence of the fumed silica has toughened the epoxy polymer and similar findings
were previously reported. Battistella et al. [91] reported that 0.5 vol.% of fumed silica
could increase the fracture energy to about 200% of the epoxy polymer without any
fumed silica, with some variations experienced depending on the surface treatment of
the fumed silica. This observation is in agreement with the present findings.
Many workers [30, 83–86] have used nanosilica particles as a toughener and investigated
the effects on the fracture energy. Nanosilica is slightly different to fumed silica, in
that the primary particles are surface treated and usually do not form aggregates,
but they show an excellent degree of dispersion. Zhang et al. [86] investigated the
fracture surface of nanosilica-modified epoxy and suggested that crack pinning by the
silica nano-particles might be one of the toughening mechanisms. However, Lee [85]
argued that since the size of the crack opening displacement was approximately 200
times larger than the diameter of the nanosilica, it was highly unlikely that the crack
pinning mechanism was responsible for the increased toughness of the modified epoxy
polymer.
In the case of the fumed silica-modified epoxy polymer (i.e. the ‘unmodified’ epoxy
polymer in the present study), the crack opening displacement, COD, was calculated
using [7]:
COD =
K2Ic
E · σy · (1− ν
2) =
GIc
σy
(5.1)
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and the value was 5.3 µm. The size of the crack opening displacement was obviously
significantly larger than the primary particles of the fumed silica (i.e. about 30 nm)
and was also larger than the size of the aggregates, which ranged up to about 300 nm.
Therefore, crack-pinning mechanism was ruled out for the unmodified epoxy polymer
in the present study.
However, when the fracture surface was examined using FEGSEM, some features re-
sembling the crack pinning lines were observed. Figure 5.8 presents the quasi-static
fracture surface of the unmodified epoxy polymer with and without the fumed silica
particles. The fracture surface in Figure 5.8(a) is of the epoxy polymer without the
fumed silica nano-particles, and it is evident that the homogeneous morphology re-
sulted in a fast brittle fracture, which is indicated by the flat and clean surface. (Note
that the circular features on the fractography image are nano-sized air bubbles created
during the curing process.) On the other hand, some tails were observed at the clumps
of fumed silica particles when the fracture surface of the unmodified epoxy polymer
with fumed silica was examined (Figure 5.8(b)). Since the dimensions of the fumed
silica were too small for the crack pinning process to take place, it is suspected that the
tails are created by the slightly different paths of the crack propagation. Rather than
the crack front being locally “pinned down” at the clumps of fumed silica, the crack
front travels over the clumps, and hence, a marginally longer path is taken. Eventually,
the crack fronts of the different paths will re-join and in doing so, the tails are formed.
However, since the speed of the crack propagation during a quasi-static fracture is very
quick, this mechanism is not considered to absorb a significant amount of energy during
fracture. Therefore, further investigations were carried out to determine the possible
toughening mechanisms due to the presence of the fumed silica particles.
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(a) Fracture surface without fumed silica at
×10k magnification. GIc = 256 J/m2.
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(b) Fracture surface with fumed silica at ×10k
magnification. GIc = 494 J/m
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Figure 5.8: FEGSEM micrograph of the fracture surface of the unmodified SENB specimen with and
without fumed silica particles.
Crack deflection is one of the useful toughening mechanisms that occur in glassy
particle-modified polymers, especially when the particle size is larger than the size
of the crack opening displacement. Morphological studies and Figure 5.2(d) show that
the fumed silica is occasionally found in spherical agglomerates, which can be up to
about 10 µm in size. Such agglomerates are significantly larger than the size of the
crack opening displacement (i.e. 5.3 µm). Therefore, signs of crack deflection at the
agglomerates were sought in Figure 5.9. However, no clear signs of crack deflection,
which is indicated by the change in the plane of crack propagation, were found and this
mechanism was also ruled out. To elaborate further, the height of the epoxy polymer
and the spherical agglomerates of fumed silica were very similar on the fracture sur-
face and this suggests that a spherical agglomerate does not behave like a single solid
particle. The spherical agglomerates of fumed silica are reported to be held together
by relatively weak hydrogen bonds [90] and, therefore, the crack could propagate eas-
ily through them. Furthermore, the small number of the spherical agglomerates in
the epoxy polymer meant that the agglomerates were too far apart to implement any
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significant amount of toughening via crack deflection or pinning mechanisms.
Another possible toughening mechanism is nano-cavitation followed by plastic void
growth of the epoxy polymer. Several researchers [30, 83–85, 93] have reported that
the main toughening mechanism arising from the presence of nanosilica particles is
debonding of the nano-particles followed by plastic void growth of the epoxy polymer.
As presented in Figure 5.10(a) and illustrated in Figure 5.10(b), a particle inside a void
is typically observed on the fracture surfaces of nanosilica-modified epoxy polymers,
which is indicative of the debonding process. The fracture surfaces of the unmodified
epoxy polymer (Figure 5.9), especially in the vicinity of the fumed silica aggregates,
were carefully examined to see if such a mechanism was induced by the fumed silica
particles. Features resembling Figure 5.10(a) were not observed on the fracture sur-
faces, however other signs of the debonding mechanism were observed. To elaborate,
nanosilica particles are approximately spherical and do not aggregate, which makes it
easier for the polymeric matrix under triaxial stresses to debond and to form a spherical
void around a nanosilica particle (Figure 5.10(b)). On the other hand, the aggregates
of fumed silica have random three-dimensional shapes and ‘trap’ the epoxy polymer.
Therefore, even though the fumed silica particles may debond, a spherical void around
the nano-particle is not to be expected. Instead, nano-sized voids as illustrated in
Figure 5.10(c) were observed on the fracture surfaces presented in Figure 5.9. These
voids in the clumps of fumed silica aggregates indicate that the particle-epoxy poly-
mer interface may act as sites of stress concentration and some nano-cavitations may
be induced. The measured average diameter of such voids was 35±15 nm, which is
comparable to the diameter of the primary fumed silica particles (30±8 nm).
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(a) Overview of the fracture surface (×5k).
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(b) Nano-cavities and tails observed at clumps of
fumed silica particles (×50k).
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(c) Fracture surface showing nano-cavities and tails at clumps of fumed silica particles (×50k).
Figure 5.9: FEGSEM micrograph of the fracture surface of the unmodiﬁed SENB specimen.
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(a) Fracture surface showing
debonding of nanosilica parti-
cles [84].
(b) Illustration of debonding of
nanosilica particles.
(c) Illustration of debonding of
fumed silica aggregates.
Figure 5.10: Debonding of nano-particles from epoxy polymer.
Some analytical modelling was carried out (more detail in Section 8.8.2) in order to
calculate if such nano-cavities could be responsible for the toughening of the epoxy
polymer. Fumed silica particles were modelled as nanosilica particles following [68]
and the calculated level of additional fracture energy absorbed by the plastic void
growth of the nano-cavities was similar to the experimentally measured value.
To brieﬂy summarise, the unmodiﬁed epoxy polymer with 3.5 wt.% of fumed silica
showed a higher value of GIc than the unmodiﬁed epoxy polymer without any fumed
silica. This was because the interface of the fumed silica particles and the epoxy
polymer acts as a site of stress concentration and nano-cavities are formed at the
interface. These cavities undergo some amount of plastic void growth and thus, the
epoxy polymer was toughened when fumed silica particles were added.
5.4 Fatigue Properties
As described in Section 4.6, compact tension (CT) specimens were cyclically loaded
at a ﬁxed-displacement ratio in order to determine the fatigue threshold fracture en-
ergy, Gth. Figure 5.11 presents the fatigue crack growth rate, da/dN , against the
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applied maximum fracture energy in a fatigue cycle, Gmax, of the unmodified epoxy
polymer.
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Figure 5.11: Fatigue crack growth rate vs. maximum applied fracture energy of the unmodified epoxy
polymer.
The unmodified epoxy polymer has a fatigue threshold fracture energy of 153±10
J/m2, which was 30% of its quasi-static fracture energy (i.e. 494 J/m2). (The standard
deviation quoted for Gth is from 4 measurements. Each individual measurement will
have a larger standard deviation of >10%. This protocol has been used in the rest
of the Thesis.) This confirms that fatigue failures can potentially occur at a much
lower level of applied stress than the quasi-static fracture process. The diameter of the
plastic yield zone ahead of the fatigue crack tip at the threshold, (dy)th, was calculated
via (from Section 2.2.4):
(dy)th =
1
3pi
[
Kth
σy
]2
(5.2)
and the calculated value of (dy)th was 7±1 µm. This value is significantly smaller
than the yield zone created ahead of a quasi-statically loaded crack tip, which was
24±4 µm.
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Figure 5.12 presents a set of FEGSEM images of the fracture surfaces taken at the
(a) initiation, (b) propagation and (c) threshold regions of the fatigue crack propaga-
tion.
Figure 5.12(a) shows the fracture surface at the initiation region and it resembles
the fracture surface of the quasi-static fracture surface. Tails were again observed
at the aggregates of fumed silica and the nano-sized cavities were also present. The
intermediate propagation region, shown in Figure 5.12(b) was similar in appearance,
but the tails at the fumed silica were slightly less pronounced.
Figure 5.12(c) shows the fatigue fracture surface at the threshold, and the dashed line
indicates where the fatigue crack has stopped due to the test deliberately being halted.
Nano-cavitation in the vicinity of the fumed silica particles was still observed at the
threshold and the average diameter of the cavities was measured to be 30±10 nm. This
value was slightly smaller than the average diameter of the cavities observed for the
quasi-static fracture surfaces (i.e. 35±15 nm) but was within the uncertainty limits.
The number of the nano-cavities present on the fatigue fracture surface at the threshold
appears to be smaller. Figure 5.13 presents another FEGSEM image at the threshold
taken at a higher magnification. As highlighted by the dashed circle, nano-cavities
were not observed in some areas of clustered fumed silica. This observation indicates
that the nano-cavitation mechanisms are not as prominent at the threshold region due
to the lower level of the applied energy.
Sohn Lee [30] and Hsieh [83] reported that the fatigue threshold fracture energy of an
anhydride-cured neat DGEBA epoxy was 25 and 24 J/m2, respectively. These values
are significantly lower than the current findings, but the unmodified epoxy polymer
in the present study contains 3.5 wt.% of fumed silica which could be the reason for
the difference, as discussed in the previous Section. Sohn Lee [30, 107] reported that
the addition of nanosilica particles increased the fatigue threshold fracture energy. For
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Figure 5.12: FEGSEM images of the fatigue fracture surface of the unmodified epoxy polymer. All
images at ×20k magnification.
example, 7.8 wt.% of nanosilica particles were added to a DGEBA epoxy polymer and
the value of Gth was raised from 25 to 50 J/m
2 [30]. Hsieh [83] also showed that
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the addition of 10 wt.% of nanosilica particles to the identical epoxy polymer raised
Gth to 55 J/m
2. (Note that the fatigue testing procedure of [30, 83] was identical
to the present study.) Liu and co-workers [108] modified a DGEBA epoxy polymer
with 6 and 12 wt.% of nanosilica particles, ‘Nanopox F400’ (Nanoresins, Geesthacht,
Germany), which were identical to the particles used by [30, 83] and studied their effects
on the fatigue properties. Their work reported that the value of ∆Gth was raised to
about 65 J/m2, regardless of the weight content of the nanosilica, from 44 J/m2 of
the epoxy polymer without any nanosilica. This shows that the presence of the silica
nano-particles could potentially increase the fatigue threshold properties.
1 µm
Crack directioni i
End of fatigue
crack propagation
i
i
Aggregates of
fumed silica
without nano-cavities
ili
i i i
Nano-cavitiesi i
Figure 5.13: Fracture surface of the unmodified epoxy polymer at the threshold region, taken at
×50k magnification.
The influence of the fumed silica particles on the fatigue properties is less well known.
Battistella and co-workers [91] reported that the addition of up to 0.5 vol.% of fumed
silica particles did not have a significant influence on the fatigue properties even though
some improvement in quasi-static fracture energy was observed. Considering the work
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[30, 91, 108] so far, it must be noted that the value of Gth of the unmodified epoxy
polymer in the present study (i.e. 153 J/m2) is still significantly higher. This indicates
that, even though the added fumed silica could have contributed towards toughening of
the epoxy polymer under fatigue loading, the epoxy polymer employed in the present
study might be intrinsically more resistant to fatigue crack propagation than the epoxy
polymers in the previous studies [30, 83, 91, 107, 108].
5.5 Quasi-static vs. Fatigue Properties
It is very important to improve both the quasi-static and the fatigue properties of a
material, ideally without compromising either important property. It was, therefore,
one of the main aims of the present work to investigate and understand the toughening
mechanisms associated with different tougheners at the two loading conditions. To
obtain an overview, Taylor [164] compiled the values of GIc and Gth of numerous
commercial epoxy adhesives that were obtained from his own work [152] as well from
the existing literature [30, 79, 80, 150, 151, 165–183]. Figure 5.14 presents this collection
of data, together with the data-point of the unmodified epoxy polymer studied in the
present project. It can be clearly seen that the data-points of the commercial epoxies
are spread widely in terms of their GIc value. Numerically speaking, the values of GIc
of the commercial epoxy polymers ranged from roughly 100 to 5700 J/m2. This means
that it is relatively well known and easy to increase the quasi-static fracture energy
of the epoxy polymers. The data-points in Figure 5.14 also demonstrate that there
is a wide range of commercial epoxy polymers available to withstand various levels of
quasi-static load.
On the other hand, it may be pointed out that the value of Gth of the majority of
the data does not exceed 300 J/m2. This shows that it is relatively more challenging
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to improve the fatigue performance of the epoxy polymers, than their quasi-static
toughness. For example, data-point ‘x’ in Figure 5.14 is the ‘EA9309’ (Hysol Dexter,
Du¨sseldorf, Germany) epoxy polymer, which exhibits an excellent value of GIc but a
poor Gth. Osiyemi [182] reported that the Gth value of this commercial epoxy polymer
was 150 J/m2, which was only 3% of its GIc value. This shows that the toughening
mechanisms which are present under static loads do not necessarily take effect under
cyclic loads.
There are another couple of interesting data-points in Figure 5.14. The two points la-
belled as ‘q’ and ‘w’ are ‘AF-163-2M’, (3M, St. Paul, USA) and ‘LMD1142’ (Ciba Poly-
mers, Duxford, UK) commercial epoxy polymers, respectively. Fernando et al. [170]
studied the ‘AF-163-2M’ epoxy polymer using aluminium alloy tapered double can-
tilever beam (TDCB) specimens. The GIc value was reported to be 1720 J/m
2 and
the Gth value was 560 J/m
2, which was the highest observed so far. The ‘LMD1142’
commercial epoxy polymer was investigated by Taylor [152] using chromic acid etched
(CAE) aluminium alloy TDCB specimens. The test was set up at a frequency of 5 Hz
and a displacement ratio of 0.5 and the resulting Gth value was 510 J/m
2, which is 11%
of its GIc value. These two commercial products exhibited an outstanding level of Gth,
but it is unclear how the epoxies were modified or which toughening mechanisms were
active at the fatigue threshold region.
Having identified the fatigue properties of the unmodified epoxy polymer in the present
study, the fracture and fatigue performances of the modified epoxy polymers will be
compared to the current commercial epoxy polymers.
124
Chapter 5: Unmodified Epoxy Polymer
0
100
200
300
400
500
600
0 1000 2000 4000
Static fracture energy, G    [J/m  ]Ic 2
th
2
Fa
tig
ue
 th
res
ho
ld 
fra
ctu
re 
en
erg
y, 
G  
  [J
/m
  ]
300 J/m2
- Unmodified epoxy (this study)
b c
3000 5000 6000
a d
e f
g
h
i
j
k
m
l
n
o
p
s t
r
q
u
x
w
v
Figure 5.14: Mode I quasi-static fracture energy versus fatigue threshold fracture energy of the
present unmodified epoxy polymer and commercial epoxy polymers. Data provided by [164].
Table 5.2: Legend to Figure 5.14.
a−‘Multibond 330’, Loctite, Du¨sseldorf, Germany [177] m−‘FM73M’, Cytec, Woodland Park, USA [172]
b−As above n−“Proprietery film” [183]
c−‘Cybond4523GB’, American Cyanamid, Wayne, USA [176] o−‘FM73M’, Cytec, Woodland Park, USA [172]
d−‘AW106+HV953V’, Ciba Geigy, Salt Lake City, USA [173] p−‘EA9628(NW)’, Hysol Dexter, Du¨sseldorf, Germany [175]
e−As above q−‘AF-163-2M’, 3M, St. Paul, USA [170]
f−As above r−‘AF-163-2OST’, 3M, St. Paul, USA [174]
g−‘AV119’, Ciba Polymers, Duxford, UK [152] s−‘FM73M’, American Cyanamid, Wayne, USA [182]
h−‘Terokal4500-34’, Teroson, Du¨sseldorf, Germany [150] t−‘XD4600’, Ciba Polymers, Duxford, UK [179]
i−‘EC3445’ 3M, St. Paul, USA [171] u−‘XD4600’, Ciba Polymers, Duxford, UK [150]
j−‘4500B’ Teroson, Du¨sseldorf, Germany [179]. v−“Toughened Epoxy” [169]
k−As above w−‘LMD1142’, Ciba Polymers, Duxford, UK [152]
l−As above x−‘EA9309’, Hysol Dexter, Du¨sseldorf, Germany [182]
a – Aluminium alloy double cantilever beam (DCB) specimen. Load ratio, R = 0.1.
b – Aluminium alloy DCB specimen. Load ratio, R = 0.4.
d – Aluminium alloy DCB specimen. Bond line thickness = 0.3 mm.
e – Aluminium alloy DCB specimen. Bond line thickness = 0.8 mm.
f – Aluminium alloy DCB specimen. Bond line thickness = 1.0 mm.
j – Grit blasted and degreased aluminium alloy substrate tapered double cantilever beam (TDCB) specimen.
k – Electro-galvanised steel substrate tapered double cantilever beam (TDCB) specimen.
l – Chromic acid etched aluminium alloy substrate tapered double cantilever beam (TDCB) specimen.
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5.6 Concluding Remarks
The present Chapter has characterised the properties of the unmodified epoxy polymer.
Firstly, the glass transition was at 132◦C and the β transition temperature was −68◦C.
Secondly, the morphological studies have shown that the unmodified DGEBA epoxy
polymer contains randomly dispersed fumed silica aggregates. The aggregates were
sometimes agglomerated into spherical particles and micrometre-sized air bubbles were
also occasionally observed. Thirdly, the basic mechanical properties were ascertained
as listed in Table 5.3. The tensile modulus was 3.53 GPa and the true tensile yield
strength was 93 MPa. No signs of strain softening were seen during the plane strain
compression test. The mode I fracture energy, GIc, was 494 J/m
2 and some nano-
cavities were observed on the fracture surfaces. The fatigue threshold fracture energy
was 153 J/m2, which is about 30% of the GIc value.
Table 5.3: Summary of the properties of the unmodified epoxy polymer.
Symbol Value Unit Property
Tg 132 ± 2 ◦C Glass transition temperature
E 3.53 ± 0.09 GPa Young’s modulus
σy 93 ± 3 MPa True tensile yield strength
εfc 0.85 ± 0.04 mm/mm True compressive strain at failure
GIc 494 ± 81 J/m2 Mode I fracture energy
Gth 153 ± 10 J/m2 Fatigue threshold fracture energy
The following Chapters will describe the effects of various types of tougheners on
the thermal and the morphological properties of the epoxy polymer. Furthermore,
the changes in the quasi-static and the fatigue properties will be investigated. Also,
the toughening mechanisms will be studied which will enable the structure-property
relationships to be identified.
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Polymer-based Tougheners
6.1 Introduction
The present Chapter describes the modified epoxy polymers containing the polymer-
based tougheners as listed in Table 6.1. These tougheners were described in Section
3.3, and their influences on the material properties and the toughening mechanisms
are investigated.
Table 6.1: Modified epoxy polymers containing the polymer-based tougheners.
# Name wt.% Toughener
1 Unmodified − −
2 5PPGm 5 A chain extended and epoxy terminated
poly(propylene glycol) – masterbatch.
3 10PPGm 10 As above.
4 10PPG 10 An epoxy terminated poly(propylene glycol).
5 10PS 10 A difunctional epoxydised polysulfide.
6 5PES 5 A polyethersulfone.
7 10PUi 10 A polyether-based polyurethane.
8 10PUii 10 A poly(propylene glycol)-based polyurethane.
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6.2 Glass Transition Temperatures
The glass transition temperature, Tg, can help to define the morphologies of the mod-
ified epoxy polymers, and the dynamic mechanical thermal analysis (DMTA) results
of the modified epoxies containing the polymer-based tougheners are described be-
low.
5PPGm and 10PPGm epoxy polymers
The value of Tg was decreased when the poly(propylene glycol)-masterbatch (PPGm)
toughener was added as shown in Figure 6.1(a). When 5 wt.% of PPGm was added,
the Tg value was decreased to 124±2◦C, and for 10 wt.% the Tg was decreased further
to 116±2◦C, showing that the decrease in Tg was proportional to the weight content
of PPGm. No change in the β transition temperatures was observed for the PPGm-
modified epoxies. The decreased values of Tg suggest that a portion of PPGm has
dissolved in the epoxy. The Fox equation, as described in Section 4.3, was used to
estimate how much of the toughener was dissolved. The Tg of the pure PPGm was
reported to be in the region of 0∼10◦C [184], and the average value was used. The
calculations estimate that for both 5PPGm and 10PPGm, about 85% of the toughener
remained in-solution in the epoxy. This will be investigated further in Section 6.3.
10PPG epoxy polymer
The modified epoxy polymer containing the poly(propylene glycol) (PPG) toughener
was dissimilar to the two PPGm-modified epoxies. As shown in Figure 6.1(b), the
value of Tg of 10PPG was only decreased to 127±3◦C. Given that the value of Tg of
pure PPG was in the range of −45 ∼ −40◦C [184], it is expected that the majority
of the toughener phase separated during curing. Calculations using the Fox equation
estimate that only about 12% of the PPG toughener dissolved in the epoxy polymer
and that the remainder has phase separated. This can be supported by the presence
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of a plateau at a temperature range of about −71 ∼ −25◦C. The peak corresponding
to Tg of the phase separated PPG is likely to be superimposed on the Tβ peak of the
unmodified epoxy (−68◦C).
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Figure 6.1: DMTA results of the modified epoxy polymers containing either PPGm or PPG.
10PS epoxy polymer
The addition of the difunctional epoxydised polysulfide (PS) toughener to the epoxy
resulted in a major decrease of the Tg value. The Tg of 10PS was 105±1◦C, which was
the lowest observed so far. Figure 6.2(a) reveals no secondary peak and the β transition
was unchanged from the unmodified epoxy, suggesting that the PS toughener remained
in-solution in the epoxy. Given that Tg of pure PS is −30◦C [184], the Fox equation
estimates that all of the toughener has dissolved. The much decreased value of Tg is
in agreement with the reported findings [8], as PS is known to deteriorate the high
temperature performance when added to epoxy polymers.
5PES epoxy polymer
The polyethersulfone has a glass transition temperature of about 200◦C [117] and a
clear secondary peak was observed at 196±2◦C in the present study. Figure 6.2(b) also
shows the primary epoxy peak at 135±3◦C. Such characteristics indicate that there
is phase separation of PES from the epoxy, and Mimura et al. [76] showed similar
findings. The value of Tβ was unchanged from that of the unmodified epoxy and at
−69◦C.
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Figure 6.2: DMTA results of the modified epoxy polymers containing either PS or PES.
10PUi epoxy polymer
Figure 6.3 presents the tan(δ) trace of the two polyurethane-modified epoxy poly-
mers. The polyether-based polyurethane (PUi) and the poly(propylene glycol)-based
polyurethane (PUii) tougheners both have a Tg in the range of −45 ∼ −40◦C [184].
The Tg of the 10PUi epoxy polymer was measured at 130±2◦C, which was not a signif-
icant deviation from that of the unmodified epoxy. The unchanged value of Tg implies
that the majority of the PUi toughener phase separated, however no obvious secondary
peak was observed in Figure 6.3(a).
10PUii epoxy polymer
The Tg of the 10PUii epoxy polymer was decreased to 125±1◦C, which was lower than
that of 10PUi. This suggests that some of the PUii toughener may be dissolved in
the epoxy polymer. Calculations using the Fox equation estimate that about 20% of
PUii is in-solution in the epoxy. The value of Tβ appears to have shifted towards
the right in Figure 6.3(b), showing a peak value at −57◦C. This could be a result of
superimposition of the peaks corresponding to the β transition of the epoxy and to the
glass transition of the phase separated PUii.
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Figure 6.3: DMTA results of the modified epoxy polymers containing either PUi or PUii.
6.3 Morphologies
One of the main focuses of the present study was to investigate the effect of the mor-
phologies on the fracture properties of the modified epoxy polymers. The morpholo-
gies resulting from the addition of the polymer-based tougheners were identified using
atomic force microscopy (AFM) and are presented in the present Section.
5PPGm epoxy polymer
A nano-particulate phase was formed when 5 wt.% of the poly(propylene glycol)-
masterbatch was added to the epoxy. Figure 6.4 presents the morphology where darker
nano-particles up to about 30 nm in length were well dispersed. This secondary phase
of PPGm toughener was more pronounced in the 10PPGm epoxy polymer, and will
be described further below.
10PPGm epoxy polymer
The morphology of 10PPGm was similar to that of the 5PPGm epoxy, but the nano-
phase of PPGm was more pronounced due to the greater weight content of the tough-
ener. Figure 6.5(b) shows the short ‘worm-like’ phase of the PPGm toughener, that
ranged up to about 100 nm in length and 10 nm in width. The results of DMTA and
AFM suggest that the PPGm toughener both phase separate and remain in-solution
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in the epoxy.
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Figure 6.4: Morphology of the 5PPGm epoxy polymer.
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Figure 6.5: Morphology of the 10PPGm epoxy polymer.
10PPG epoxy polymer
When 10 wt.% of the poly(propylene glycol) toughener was added to the epoxy polymer,
a secondary phase of the PPG toughener was formed. The morphology of the 10PPG
epoxy in Figure 6.6 shows these soft nano-sized particles of PPG represented by a
darker shade. This agrees with the DMTA studies, which showed no significant change
in the Tg value and a possible secondary peak below −25◦C. In Figure 6.6(b), the
PPG particles that agglomerated with the fumed silica were ‘worm-like’ and ranged
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up to about 100 nm in length and 10 nm in width, but the particles dispersed in the
epoxy were mostly shorter (∼30 nm) and were ‘dot-like’. The PPG nano-phase was
generally shorter relative to the nano-phase in the 10PPGm epoxy, which may arise
from the higher molecular weight (5000∼10000 g/mol) of the PPGm compared to the
2000 g/mol of the PPG toughener. The morphologies of the 10PPGm and 10PPG
epoxies will be compared below.
0.5 μmCutting direction
(a) Height.
0.5 μm
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fumed silica
Worm-like
PPG phase
Dot-like
PPG phase
30 nm
100 nm
(b) Phase.
Figure 6.6: Morphology of the 10PPG epoxy polymer.
10PPGm vs. 10PPG epoxy polymer
Figure 6.7 examines the morphologies of the 10PPGm and 10PPG epoxy polymers. In
the 10PPGm epoxy, the aggregates of fumed silica and the PPGm phase were well dis-
persed throughout the epoxy as shown in Figure 6.7(a). However, in the 10PPG epoxy,
there were regions where the fumed silica and the PPG particles were agglomerated
as highlighted in Figure 6.7(b). There were also regions where the fumed silica and
the PPG particles were present independently. The influence of such morphological
differences on the quasi-static and fatigue properties will be investigated in the later
Sections.
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Figure 6.7: AFM phase images of 10PPGm and 10PPG showing a difference in the degree of dispersion
of the nano-phase.
10PS epoxy polymer
The AFM images of the modified epoxy containing 10 wt.% of difunctional epoxydised
polysulfide resemble the morphology of the unmodified epoxy. In Figure 6.8, the aggre-
gates of fumed silica are well dispersed in the homogeneous epoxy polymer, in which
the PS is dissolved. This agrees with the DMTA results, where a noticeable decrease
in the Tg suggested that all of the toughener stayed in-solution.
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Figure 6.8: Morphology of the 10PS epoxy polymer.
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5PES epoxy polymer
The polyethersulfone toughener in the 5PES epoxy clearly phase separated and formed
micrometre-sized spherical particles as shown in Figures 6.9(a) and (b). The similar
shades of the epoxy and the PES phase in Figure 6.9(b) imply that the hardness
of the two phases are similar. The measured diameter of the PES particles varied
between about 1∼4 µm. Brooker [94] observed a similar morphology in a PES-modified
diglycidyl ether of bisphenol-F (DGEBF) epoxy polymer as shown in Figure 6.9(c). It
was reported [94] that the PES toughener formed a spherical secondary phase up to
20 wt.%, and that the secondary phase was co-continuous when the weight fraction
exceeded 20 wt.%. Complete phase inversion occurred at approximately 30 wt.%, and
Kinloch et al. [121] reported similar findings.
Some local phase inversion was also observed in the 5PES epoxy as presented in Figure
6.9(d). Yu et al. [185] have shown that PES droplets start to form and grow in
size, which eventually join with neighbouring PES particles to create phase inversion
during curing. Such mechanism was active in the 5PES epoxy, and formed local phase
inversion of up to about 20 µm in diameter.
10PUi epoxy polymer
The DMTA results showed that the Tg value of the 10PUi epoxy was unchanged from
the unmodified epoxy value, and therefore, phase separation was to be expected. Figure
6.10 shows that the PUi toughener phase separated to form a soft nano-phase similar
to the morphology of the 10PPG epoxy. The nano-phase of PUi was short, round and
‘dot-like’ that ranged up to about 30 nm in size.
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Figure 6.9: Morphology of the 5PES epoxy polymer.
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Figure 6.10: Morphology of the 10PUi epoxy polymer.
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10PUii epoxy polymer
The poly(propylene glycol)-based polyurethane toughener, PUii, phase separated and
formed a secondary phase. In Figure 6.11, the well dispersed PUii particles ranged
up to 90 nm in length, and were more elongated than the PUi phase. The difference
in the shape of the nano-phase – comparable to the difference between 10PPG and
10PPGm – may arise from the different molecular weights. The Mw of PUi was about
2000 g/mol and that of PUii was in the range of 10000∼20000 g/mol. Comparing
10PPGm to 10PPG, and 10PUi to 10PUii, the toughener with the higher molecular
weight exhibited a slightly more elongated nano-phase in both cases.
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Figure 6.11: Morphology of the 10PUii epoxy polymer.
10PUi vs. 10PUii epoxy polymers
Figure 6.12 compares the 10PUi and 10PUii epoxy polymers at a larger scale, showing
that the degrees of dispersion of the secondary phase are different. The PUi nano-phase
tends to be attracted to the fumed silica particles, as indicated in Figure 6.12(a), and
ranged between 0.5∼2 µm in diameter. The fumed silica and the PUi phase were
also found to exist separately as indicated in the Figure. The morphology of the
10PUii epoxy in Figure 6.12(b) shows no such agglomerates of the fumed silica and
the PUii particles. The nano-sized phase of PUii was well dispersed and the fumed
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silica were not agglomerated with the PUi particles. The difference between the 10PUi
and 10PUii epoxy polymers is comparable to that of the 10PPGm and 10PPG epoxies
(compare Figures 6.7 and 6.12).
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fumed silica
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2 µm
(a) 10PUi.
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polyurethane
well dispersed 
in epoxy matrix
(b) 10PUii.
Figure 6.12: AFM phase images of 10PUi and 10PUii showing a difference in the degree of dispersion
of the nano-phase.
The morphologies of the 10PUi and 10PUii epoxies do not agree with other polyurethane
modified epoxy systems [125, 126, 128], where a spherical particulate phase was formed.
This may be due to several factors, for example, different curing temperatures, differ-
ent curing agents (cycloaliphatic amines [126] and diaminodiphenyl sulfone [128] were
used in the respective studies) and different types of the polyurethane toughener em-
ployed.
Table 6.2 summarises the glass transition temperatures and the morphologies of the
modified epoxy polymers containing the polymer-based tougheners. The next Section
will investigate the quasi-static properties.
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Table 6.2: Summary of glass transition temperatures, Tg, and morphologies of the modified epoxy
polymers containing the polymer-based tougheners.
# Name Tg [
◦C] Morphology
1 Unmodified 132 Fumed silica aggregates randomly dispersed. Diameter
of primary particle was 30 nm. Some micrometre-sized
spherical agglomerates of fumed silica. Occasional air
bubbles.
2 5PPGm 124 Some PPGm phase separated to form well dispersed
worm-like particles up to 30 nm in length.
3 10PPGm 116 As above, but longer PPGm particles of up to 100 nm
in length.
4 10PPG 127 PPG phase separated to form (i) dispersed short dot-
like nano-phase up to 30 nm; and (ii) worm-like particles
up to 100 nm in length and 10 nm in width that agglom-
erated with the fumed silica.
5 10PS 105 Homogeneous with significant decrease in Tg indicate the
toughener is in-solution in the epoxy.
6 5PES 135 Spherical phase of PES, 1∼4 µm in diameter. Phase
inversion less than 20 µm, sometimes observed.
7 10PUi 130 Nano-phase of PUi up to 30 nm in length, some of which
agglomerated with the fumed silica.
8 10PUii 125 A well dispersed worm-like PUii nano-phase of up to
90 nm in length.
6.4 Tensile and Compressive Mechanical
Properties
The material properties of the unmodified epoxy were discussed in Section 5.3.1, and
the present Section will investigate the effects of the polymer-based tougheners on the
properties of the modified epoxies. The results are presented in Table 6.3.
5PPGm epoxy polymers
The values of E and σy of the 5PPGm epoxy were only slightly decreased from the
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Table 6.3: The Young’s modulus, E, true tensile yield strength, σy, true compressive strain at failure,
εfc, and occurrence of strain softening of the modified epoxy polymers containing the polymer-based
tougheners.
# Name
E σy εfc Strain
[GPa] [MPa] [mm/mm] softening?
1 Unmodified 3.53 ± 0.09 93 ± 3 0.85 No
2 5PPGm 3.61 ± 0.05 90 ± 0 0.90 Likely
3 10PPGm 3.31 ± 0.06 77 ± 1 0.92 Yes
4 10PPG 2.52 ± 0.10 70 ± 6 0.93 No
5 10PS 3.42 ± 0.05 92 ± 1 0.99 Yes
6 5PES 3.33 ± 0.04 88 ± 0 0.85 Yes
7 10PUi 2.40 ± 0.03 72 ± 3 0.96 No
8 10PUii 2.72 ± 0.01 70 ± 0 1.04 Likely
unmodified epoxy values, and were 3.61±0.05 GPa and 90±0 MPa, respectively. The
true compressive strain at failure was slightly increased to 0.90 mm/mm. The true
compressive strain-stress curve is presented in Figure 6.13(a), which shows a possible
strain softening of the 5PPGm epoxy. Overall, the addition of 5 wt.% of PPGm only
had a slight influence on mechanical properties of the epoxy due to the low weight
content.
10PPGm epoxy polymer
The rubbery nano-phase of PPGm decreased the modulus of the epoxy to 3.31±0.06
GPa. The σy value was decreased significantly to 77±1 MPa, which was about 85%
of the unmodified epoxy value. Stress concentrations are formed at the particle-epoxy
interface due to the significantly different values of E of the rubbery PPGm phase and
of the epoxy [5], which decreased the true tensile yield stress. Figure 6.13(a) shows
that strain softening was also induced by the 10 wt.% of PPGm, and the measured
true compressive failure strain was 0.92 mm/mm.
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10PPG epoxy polymer
A significant decrease in the modulus was exhibited by the 10PPG epoxy to 2.52±0.10 GPa.
This was about 70% of the unmodified epoxy value, and was significantly lower than
modulus of the 10PPGm epoxy. The Tg of the pure PPG was about 50
◦C lower
than the Tg of the pure PPGm toughener, which means that the PPG particles are
more rubbery at room temperature, and hence, a lower E value for the 10PPG epoxy
was observed. The 10PPG epoxy also showed a significant decrease in the σy value,
which was 70±6 MPa. Unlike 10PPGm, no strain softening was observed when the
PPG was added to the epoxy (Figure 6.13(a)), but the εfc value was increased to
0.93 mm/mm.
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Figure 6.13: True compressive stress-strain curve of the modified epoxy polymers containing the
polymer-based tougheners.
10PS epoxy polymer
Most of the properties of the 10PS epoxy were similar to those of the unmodified epoxy
polymer. No significant change was observed in the values of E and σy (3.42±0.05 GPa
and 92±1 MPa, respectively), like the morphology, which was identical to that of the
unmodified epoxy. However, a clear strain softening was observed in Figure 6.13(b),
and εfc value was increased to 0.99 mm/mm.
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5PES epoxy polymer
The moduli of commercial grades of PES commonly range between 2∼9 GPa [117, 186],
and therefore, the addition of PES was not expected to decrease the modulus of the
epoxy. Indeed, the Young’s modulus was unchanged from that of the unmodified
epoxy and was 3.33±0.04 GPa. The glassy PES toughener did not increase the true
compressive failure strain, and the σy value was not influenced significantly. Strain
softening of the 5PES epoxy was observed during plane strain compression tests in
Figure 6.13(b). Since stress concentrations are created at the equator of spherical
particles in the epoxy [5, 14], shear-bands are initiated at the particle-epoxy interface
and are closely related to strain softening [2].
10PUi epoxy polymer
The PUi toughener is rubbery at room temperature as indicated by the cryogenic
value of Tg (modulus is known to be about 10 MPa [5]), and the modulus of the PUi
modified epoxy was decreased to 2.40±0.03 GPa. The rubbery PUi nano-phase also
decreased the σy value significantly to 72±3 MPa. The true compressive strain at failure
was increased to 0.96 mm/mm, and no strain softening was observed as presented in
Figure 6.13(b).
10PUii epoxy polymer
The modulus was decreased by about 20% from the unmodified epoxy value and was
2.72±0.01 GPa. The σy value was decreased significantly to 70±0 MPa from 93 MPa
of the unmodified epoxy due to the rubbery nano-phase of PUii. The true compressive
failure strain was increased significantly to 1.04 mm/mm, which was slightly more than
120% of the unmodified epoxy value. The true compressive strain-stress curve in Figure
6.13(b) shows a possible straining softening.
Comparing 10PPGm to 10PPG, and 10PUi to 10PUii, the modified epoxies containing
the toughener with a higher molecular weight (i.e. 10PPGm and 10PUii) exhibited
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higher E values compared to their lower Mw counterparts (i.e. 10PPG and 10PUi).
This is because the Tg value (and thus the modulus) of a polymer increases with
Mw [5]. Additionally, lower Mw values resulted in agglomeration in the 10PPG and
10PUi epoxies, and strain softening was not observed when the rubbery nano-particles
agglomerated with the fumed silica. The next Section will investigate the quasi-static
fracture properties of the modified epoxy polymers.
6.5 Quasi-static Fracture Properties
The present Section describes the quasi-static fracture properties of the modified epox-
ies containing the polymer-based tougheners, as presented in Table 6.4.
Table 6.4: True tensile yield strength, σy, mode I fracture toughness, KIc, mode I fracture energy,
GIc, and plastic zone diameter, dy, of the modified epoxy polymers containing the polymer-based
tougheners.
# Name
σy KIc GIc dy
[MPa] [MPa·m0.5] [J/m2] [µm]
1 Unmodified 93 ± 8 1.41 ± 0.12 494 ± 81 24 ± 4
2 5PPGm 90 ± 0 1.40 ± 0.05 479 ± 31 26 ± 1
3 10PPGm 77 ± 1 1.83 ± 0.04 889 ± 38 60 ± 2
4 10PPG 70 ± 6 1.73 ± 0.18 1050 ± 217 65 ± 12
5 10PS 92 ± 1 1.48 ± 0.11 561 ± 80 27 ± 2
6 5PES 88 ± 0 0.95 ± 0.14 241 ± 65 12 ± 2
7 10PUi 72 ± 3 2.52 ± 0.11 2320 ± 156 130 ± 10
8 10PUii 70 ± 0 2.72 ± 0.13 2380 ± 231 158 ± 8
5PPGm epoxy polymer
Adding 5 wt.% of the PPGm toughener did not have a significant influence on the
fracture energy. The GIc value was 479±31 J/m2 and this was identical to that of the
unmodified epoxy value considering the experimental errors. Even though there was a
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secondary nano-phase of PPGm, the GIc value was not changed significantly, because
the there was insufficient amount of PPGm to influence the material properties, such
as E and σy values.
10PPGm epoxy polymer
The 10PPGm epoxy exhibited a moderate increase in the fracture energy and the
value was 889±38 J/m2. This was about 180% of the unmodified epoxy value and the
calculated plastic yield zone diameter was 60±2 µm. A considerable decrease in the
σy value was induced by the 10 wt.% of PPGm, which increased plastic yield zone at
the crack tip. The toughening mechanisms are investigated in Section 6.7.
10PPG epoxy polymer
The fracture energy of the 10PPG epoxy was increased to about 210% of the unmod-
ified epoxy value, which was 1050±217 J/m2. The rubbery nano-particles of PPG
decreased the σy value significantly and the calculated value of dy was 65±12 µm. The
fracture surfaces will be examined in order to investigate the influence of the PPG
nano-particles on the fracture behaviour.
10PS epoxy polymer
No significant change in the value of GIc was observed for the 10PS epoxy, which
was 561±80 J/m2. This was expected, because the morphology and most material
properties were not changed by the addition of 10 wt.% of PS. The unchanged homo-
geneous morphology was not able to influence the material properties significantly nor
induce a significant toughening mechanism. The strain softening, which is indicative of
shear-band plastic yielding [2], appears not to be significant for the 10PS epoxy.
5PES epoxy polymer
The addition of the PES toughener maintained high values of E and σy and formed
spherical micrometre-sized particles. The resulting GIc value was 241±65 J/m2, which
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was only about 50% of the unmodified epoxy value. It was surprising and interesting
to observe that the fracture energy was decreased, and the reasons will be discussed in
Section 6.7.
10PUi epoxy polymer
The fracture energy of the 10PUi epoxy was increased significantly to 2320±156 J/m2,
which was about 470% of the unmodified epoxy value. The rubbery nano-particles of
PUi, which partially dispersed in the epoxy and partially agglomerated with the fumed
silica, decreased the σy value and created a larger plastic yield zone. Furthermore, the
secondary phase may have induced additional toughening mechanisms that will be
discussed in the later Section.
10PUii epoxy polymer
The value of GIc was increased significantly to 2380±213 J/m2. The PUii toughener
formed a well defined worm-like nano-phase of up to about 90 nm in length that
decreased the σy value significantly and increased the εfc value. The increased true
compressive failure strain must have assisted the plastic void growth of the nano-cavities
induced by the fumed silica (see Section 5.3.2). The PUii nano-particles may also have
induced additional toughening mechanisms, such as shear-band plastic yielding, as will
be discussed in Section 6.7.
Figure 6.14 summarises the quasi-static fracture properties of the modified epoxy poly-
mers containing the polymer-based tougheners. The addition of the PPGm toughener
was only beneficial when 10 wt.% was added to the epoxy polymer. Similarly, the
10PPG epoxy exhibited an increase in the value of GIc. Fracture properties were un-
changed for the 10PS epoxy, and the 5PES epoxy exhibited a decreased GIc value
compared to the unmodified epoxy value. The 10PUi and 10PUii epoxies were out-
standing and exhibited high values of GIc. The cyclic-fatigue properties of the modified
epoxy polymers will be described in the next Section.
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Figure 6.14: Mode I fracture toughness, KIc, and fracture energy, GIc, of the modified epoxy polymers
containing the polymer-based tougheners.
6.6 Cyclic-fatigue Properties
Table 6.5 presents the cyclic-fatigue properties of the modified epoxy polymers con-
taining the polymer-based tougheners. Figures 6.15 and 6.16 present the results of the
fatigue crack growth rate, da/dN , against the maximum applied fracture energy in a
fatigue cycle, Gmax, of the modified epoxy polymers.
Table 6.5: Quasi-static fracture energy, GIc, fatigue threshold fracture energy, Gth, ratio Gth/GIc
and the Paris Law parameter, m.
# Name
GIc Gth Gth/GIc m
[J/m2] [J/m2]
1 Unmodified 494 ± 81 153 ± 10 0.31 9.2 ± 0.8
2 5PPGm 479 ± 31 141 ± 8 0.29 7.1 ± 0.2
3 10PPGm 889 ± 38 154 ± 9 0.17 5.8 ± 0.2
4 10PPG 1050 ± 217 154 ± 12 0.15 6.0 ± 0.3
5 10PS 561 ± 80 110 ± 6 0.20 6.4 ± 0.3
6 5PES 241 ± 65 171 ± 9 0.71 18.1 ± 2.2
7 10PUi 2320 ± 156 380 ± 20 0.16 7.1 ± 0.4
8 10PUii 2380 ± 231 444 ± 19 0.19 7.2 ± 0.4
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5PPGm epoxy polymer
The Gth value of the 5PPGm epoxy in Figure 6.15 was 141±8 J/m2, which was similar
to the unmodified epoxy value. Like the quasi-static fracture properties, the 5 wt.%
of PPGm was not sufficient to influence the fatigue fracture properties. The gradient
of the linear region was decreased to 7.1±0.2 from 9.2±0.8 for the unmodified epoxy.
The small weight percent of the rubbery nano-phase of PPGm was insignificant.
10PPGm epoxy polymer
The quasi-static fracture energy was increased by the 10 wt.% of PPGm. However,
the Gth value was 154±9 J/m2, which was unchanged from the unmodified epoxy
value. The 10PPGm epoxy polymer exhibited a decreased fatigue crack growth rate
at higher levels of Gmax, and the value of m was 7.1±0.2. The nano-sized rubbery
particles PPGm were insignificant at the fatigue threshold, which will be discussed
further later.
10PPG epoxy polymer
Similar to the 10PPGm epoxy, the PPG toughener was only able to induce toughening
under quasi-static loading. The Gth value of the 10PPG epoxy was 154±12 J/m2 and
the slope of the linear region was 6.0±0.3. The fatigue test data in Figure 6.15 show
that the vertical threshold lines of the unmodified, 10PPGm and 10PPG epoxies lie on
top of each other.
10PS epoxy polymer
The values of E, σy and GIc of the 10PS epoxy were identical to the unmodified epoxy
values, and there was no advantage under cyclic-fatigue loading either. The fatigue
threshold was decreased to 110±6 J/m2 for the 10PS epoxy and the slope was 6.4±0.3.
It is unclear why the Gth value was decreased compared to the unmodified epoxy, as
the morphologies of the two epoxies were identical.
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Figure 6.15: Fatigue crack growth rate versus applied maximum fracture energy of 5PPGm, 10PPGm
and 10PPG epoxy polymers.
5PES epoxy polymer
The quasi-static fracture energy of the 5PES epoxy was decreased, but such a neg-
ative influence was not observed under cyclic-fatigue loading. The Gth value was
171±9 J/m2, which was not a significant change from the unmodified epoxy value,
but still more positive than the GIc results. As shown in Figure 6.16, the linear prop-
agation region of the 5PES epoxy could not be clearly defined. It was explained in
Section 4.6 that the initial load applied to the CT specimen during the cyclic-fatigue
test was calculated using the GIc value, i.e. the maximum load the specimen can endure
without fracturing. Since the GIc value of the 5PES was decreased significantly, the
initial applied load was relatively small. The difference between the GIc and Gth values
was only 70 J/m2, and the range of the linear propagation region could only be very
small. Nevertheless, the measured m value was 18.1±2.2.
10PUi epoxy polymer
When 10 wt.% of the PUi toughener was added, the value of Gth was increased signif-
icantly to 380±20 J/m2. This value was about 250% of the unmodified epoxy value.
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The gradient of the linear propagation region in Figure 6.16 was 7.1±0.4. The well-
defined rubbery nano-phase of PUi was able to increase significantly both GIc and Gth
values.
10PUii epoxy polymer
The PUii toughener formed a well dispersed rubbery nano-phase, and such a morphol-
ogy increased the Gth value significantly to 444±19 J/m2. This was about 290% of
the unmodified epoxy value, and the gradient was 7.2±0.4 in Figure 6.16. The proper-
ties of the 10PUii epoxy was most promising and the toughening mechanisms will be
investigated in the next Section.
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Figure 6.16: Fatigue crack growth rate versus applied maximum fracture energy of the 10PS, 5PES,
10PUi and 10PUii epoxy polymers.
Most of the polymer-based tougheners did not change the fatigue threshold fracture
energy, apart from the Gth values of the 10PUi and 10PUii epoxies. The next Section
will investigate the fracture surfaces to investigate the toughening mechanisms induced
by the different types of tougheners.
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6.7 Toughening Mechanisms
The present Section investigates the toughening mechanisms induced by the polymer-
based tougheners under quasi-static and cyclic-fatigue loading conditions.
5PPGm epoxy polymer
The morphological studies showed that PPGm formed a well dispersed rubbery nano-
phase in the epoxy, but there was no significant influence on the material properties
due to the small amount of the toughener. The quasi-static fracture surface in Figure
6.17(a) resembles that of the unmodified epoxy, and the cavities induced by stress
concentrations at the fumed silica-epoxy interface were observed. The shape of the
cavities were not perfectly circular, but the average diameter was 38±10 nm, which
was similar to the unmodified epoxy polymer value (35±12 nm). The AFM studies
have shown that the lengths of the PPGm particles were up to 30 nm, and the features
indicated by the arrows in Figure 6.17(a) were of similar lengths, suggesting interfacial
debonding [56] of these particles. However, the weight content of PPGm was too low
to impose any significant effect on GIc, as the DMTA results showed that a significant
amount of the toughener was dissolved in the epoxy.
The fatigue fracture surfaces at the initiation and propagation regions were very similar
to the quasi-static fracture surface as expected, and thus, will not be discussed further.
At the threshold, in Figure 6.17(b), no significant difference from the unmodified epoxy
was observed, as also suggested by the unchanged material properties. The 5 wt.% of
the PPGm toughener was not influential on the quasi-static nor the cyclic-fatigue
properties.
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(b) Fatigue fracture surface at the threshold.
Figure 6.17: Quasi-static and fatigue fracture surfaces of the 5PPGm epoxy polymer.
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10PPGm epoxy polymer
The AFM and DMTA results showed that the PPGm toughener phase separated to
form nano-particles up to about 100 nm in length that were well dispersed in the epoxy.
The resulting quasi-static fracture surface in Figure 6.18 shows the possible PPGm
nano-particles (indicated by the arrows) that were of similar lengths compared to the
PPGm phase observed from the AFM images. Wu et al. [56] suggested that pull-out,
rubber bridging, interfacial debonding and nano-voiding were the possible toughening
mechanisms induced by a worm-like rubbery phase. However, the crack opening dis-
placement was significantly larger (about 100 times) compared to the lengths of the
PPGm particles, which eliminates the pull-out and rubber bridging mechanisms. It is
possible that the PPGm nano-particles debonded from the epoxy polymer and created
a rougher fracture surface compared to that of the unmodified epoxy.
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Figure 6.18: Quasi-static fracture surface of the 10PPGm epoxy.
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No clear voids induced by the PPGm nano-particles were observed, and nano-voiding
was ruled out. Nano-cavities induced by the fumed silica were still observed and the
average diameter was 38±14 nm, which was identical to the unmodified epoxy value.
The value of σy was significantly lowered by the presence of the rubbery PPGm nano-
phase [5], and this means that a greater plastic yield zone was present at the crack
tip.
Additionally, the plane strain compression test showed that the presence of the PPGm
particles induced strain softening, which is closely related to shear-band plastic yield-
ing [2]. The well dispersed PPGm nano-particles are inhomogeneities in the epoxy
polymer that act as stress concentrations [5], and were able to decrease the σy value
and induce shear-banding. Figure 6.19 presents the cross-sections of the plane strain
compressed samples of the unmodified and 10PPGm epoxies. The cross-polarised light
is diffused for the unmodified epoxy, but sharp bands are present at 45◦ in the central
region for the 10PPGm epoxy. Such observations suggest that the PPGm particles
induced shear-band plastic yield and this contributed towards the toughening of the
epoxy.
1 mm
Compressed region
(a) Unmodified epoxy.
1 mm
Compressed region
(b) 10PPGm.
Figure 6.19: Cross-section of plane strain compressed specimens examined using cross-polarised
transmission light microscopy.
The fatigue fracture surface at the threshold in Figure 6.20 was similar to the unmod-
ified epoxy, but with the presence of the PPGm particles. Nano-cavities by the fumed
silica were observed at the fatigue threshold and the average diameter was 35±9 nm.
The addition of PPGm was not able to increase the size of the cavities, when compared
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to the unmodified epoxy. In general, there was no significant difference between the
fatigue fracture surfaces of the unmodified and 10PPGm epoxies. The debonding of
the PPGm particles does not dissipate a significant amount of energy at the fatigue
threshold, given that the Gth values of the unmodified and 10PPGm epoxies were iden-
tical.
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Crack directioni i
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crack propagation
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Figure 6.20: Cyclic-fatigue fracture surface of the 10PPGm epoxy at the threshold.
10PPG epoxy polymer
The AFM images showed that the PPG toughener formed a nano-phase in the epoxy
that was partially dispersed and partially agglomerated with the fumed silica. Figure
6.21(a) presents an example of an agglomerate, where many nano-voids are observed
within, and their average diameter was 40±12 nm. The dispersed dot-like PPG par-
ticles are shown in Figure 6.21(b) that possibly debonded from the epoxy, but such
a mechanism is not considered to absorb a significant amount of energy. The pres-
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ence of the rubbery PPG particles also decreased the σy value significantly, which
increased the size of the local plastic yield zone. The dy value was calculated to be
about 270% of the unmodified epoxy value. A larger plastic yield zone means that
more of the nano-cavities induced by the fumed silica were able to undergo plastic void
growth.
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Figure 6.21: Quasi-static fracture surface of the 10PPG epoxy polymer.
The fatigue fracture surface of the 10PPG epoxy is presented in Figure 6.22, which
is similar to that of the 10PPGm epoxy. The nano-cavities by the fumed silica parti-
cles were present and the average diameter was 36±12 nm, which was similar to the
unmodified epoxy polymer. The presence of the PPG nano-particles was not evident,
suggesting that the interfacial debonding was not present at the fatigue threshold.
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Figure 6.22: Cyclic-fatigue fracture surface of the 10PPG epoxy at the threshold.
10PS epoxy polymer
There was no significant change in the morphology or the material properties when the
PS toughener was added to the epoxy. The quasi-static fracture surface of the 10PS
epoxy is presented in Figure 6.23, and the average diameter of the approximately circu-
lar nano-cavities by the fumed silica was 32±13 nm. Since the PS toughener remained
in-solution in the epoxy polymer, no significant change in the fracture properties or
mechanisms was exhibited.
One of the few differences was that the PS toughener induced strain softening of the
epoxy. Figure 6.24 presents the broad shear-bands in the cross-section of the plane
strain compressed specimen. However, the GIc value was not significantly changed
even with the occurrence of such shear-bands. Shear-bands commonly initiate at the
particle-epoxy interface due to stress concentrations [5, 14], and hence, a particulate
phase can dissipate more plastic energy via inter-particulate shear-banding. This indi-
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Figure 6.23: Quasi-static fracture surface of the 10PS epoxy polymer.
1 mm
Compressed region
Figure 6.24: Cross-section of plane strain compressed specimen of 10PS examined using cross-
polarised transmission light microscopy.
cates that the occurrence of strain softening without any additional particulate phase
cannot induce a significant toughening effect. Overall, the PS toughener could not
induce a significant toughening mechanism nor decrease the σy value to induce more
plastic deformation.
Similar to the GIc results, the Gth value of the 10PS was not increased by the addition
of the PS toughener. Figure 6.25 presents the fatigue threshold fracture surface, which
is not significantly different compared to that of the unmodified epoxy. This was as
expected, because the morphology and most properties of the 10PS epoxy were identical
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to those of the unmodified epoxy. No morphological change means that any additional
toughening mechanism is unlikely to be induced.
Crack directioni i
1 µm
Figure 6.25: Cyclic-fatigue fracture surface of the 10PS epoxy at the threshold.
5PES epoxy polymer
The value of GIc was decreased by about 50% when 5 wt.% of polyethersulfone was
added to the epoxy. Figure 6.26 shows the spherical PES particles and a phase inverted
region that have the identical height profile compared to the surrounding epoxy. This
shows that the PES particles do not provide any toughening mechanism and the
crack travels straight through the particles. The micrometre-sized rigid particles were
initially expected to induce toughening mechanisms, such as crack pinning, debonding
or pull-out. However, as the fracture surface and the value of GIc suggest, the presence
of PES was not beneficial. Brooker [94] also studied a PES-modified epoxy polymer,
showing that the crack also propagated through the spherical phase of PES and that
the fracture energy was not improved.
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In the present study, the addition of the PES toughener actually decreased the value
of GIc. In order find out why, the fracture surfaces of the unmodified and the 5PES
epoxies are compared in Figure 6.27. For the unmodified epoxy in Figure 6.27(a),
the white areas indicative of the fumed silica aggregates are present throughout the
fracture surface. For the 5PES epoxy in Figure 6.27(b), the PES particles occupy a
significant portion of the area and decrease the degree of dispersion of the fumed silica.
Since the spherical PES particles do not induce additional toughening mechanisms,
the PES-occupied regions behave like a pure epoxy without any fumed silica. It was
shown in Section 5.3.2 that the fumed silica creates nano-cavities that undergo plastic
void growth, but such a mechanism was absent in the PES-occupied regions.
5 µm
Homogeneous
epoxy regioni
Spherical
PES phase
i l
Crack directioni i
(a) Spherical particles of PES.
Epoxy
5 µm
Phase 
inversioni i
Spherical
PES phase
i l
Crack directioni i
Homogeneous
epoxy regioni
(b) Phase inversion.
Figure 6.26: Quasi-static fracture surfaces of the 5PES epoxy polymer.
In Section 6.4, the PES particles induced strain softening of the epoxy, and the cross-
section of the plane strain compressed sample in Figure 6.28 shows sharp bands at 45◦
when examined using cross-polarised light. This suggests that the energy dissipated
via shear-band plastic yielding did not compensate for the energy lost due to the poor
dispersion of the fumed silica. Giannakopoulos et al. [43] used the Huang and Kinloch
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model (see Section 8.8.2) and showed that the plastic void growth of cavities is a more
significant toughening mechanism when compared to the shear-banding process.
100 µm
Crack directioni i
Aggregates of 
fumed silica
dispersed in 
epoxy matrix
ili
i i
i
(a) Unmodified epoxy.
100 µm
Crack directioni i
PES particles in
homogeneous
epoxy region
i l i  
i
Aggregates of 
fumed silicaili
(b) 5PES.
Figure 6.27: Different degrees of dispersion of the fumed silica in the unmodified and 5PES epoxy
polymers (×500).
1 mm
Compressed region
Figure 6.28: Cross-section of plane strain compressed specimen of 5PES examined using cross-
polarised transmission light microscopy.
Although the presence of the PES particles decreased the GIc value, no such negative
influence was observed for the Gth value. At the fatigue threshold, as presented in
Figure 6.29, a few PES particles have undergone debonding and pull-put mechanisms.
Such a debonding mechanism was possible due to the relatively large diameter of the
PES particles that was between 1∼4 µm. Considering that the calculated maximum
crack opening displacement was about 2 µm at the threshold, and also considering that
the fact that it was not a fast fracture, the fatigue crack travelled around the spherical
particles during which the PES particles debonded from the epoxy. Such toughening
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mechanisms compensated for the poor dispersion of the fumed silica particles and the
Gth value was not decreased compared to the unmodified epoxy value.
2 µmCrack direction
Pull-out 
of PES
2 µm
(a) Overall fatigue fracture surface (×10k).
Crack 
direction 1 µm
Debonding
and pull-out
of PES
1.4 µm 
1.1 µm 
(b) Debonding and pull-out (×20k).
Figure 6.29: Fatigue fracture surface of the 5PES epoxy polymer at the threshold.
10PUi epoxy polymer
The morphological studies showed that the PUi nano-particles were dispersed partially
in the epoxy and agglomerated partially with the fumed silica. The spherical agglom-
erates from the AFM images ranged up to about 2 µm in diameter, and these were also
present on the fracture surfaces. In Figure 6.30(a), there are two regions of agglomer-
ates: (i) large region of irregular shape; and (ii) spherical agglomerates commonly less
than 2 µm in diameter. Firstly, nano-voids were more frequently observed within the
larger agglomerates, as presented in Figure 6.30(b). The interface of the fumed silica
and rubbery PUi particles acts as a stress concentration and formed nano-cavities, that
were deformed plastically during fracture. Secondly, Figure 6.30(c) examines the spher-
ical agglomerates, where the concave profile indicates that there was micro-cavitation
and void growth. Nano-cavities within these agglomerates were also observed that
suggest nano-cavitation also took place. Furthermore, the dispersed PUi particles in
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the epoxy are presented in Figure 6.30(c), indicating that interfacial debonding and
nano-voiding have occurred [56]. Overall, the addition of PUi formed rubbery nano-
particles that induced plastic void growth of the micro- and nano-cavities within the
agglomerates of the fumed silica-PUi particles. The decreased value of σy and the
increased value of εfc also assisted in absorbing a significant amount of energy.
10 µmCrack directioni i
Spherical agglomerates
of PUi and fumed silica
Agglomerate of
PUi and fumed silica
in irregular shapes
l
i ili
i i l
(a) Overall fracture surface (×5k).
1 µm
Crack directioni i
Nano-voids
(b) Agglomerates of irregular shape (×50k).
1 µm
1 µm
Spherical agglomerate
of PUi and fumed silica
i l l
i ili
Crack directioni i
Nano-
particles
of PUi
Nano-
voids
(c) Spherical agglomerates (×50k).
Some PUi nano-particles
dispersed in epoxy 
Some 
nano-cavities
Micro-cavitation of spherical agglomerate
of PUi and fumed silica
(d) Illustration of micro- and nano-cavitation.
Figure 6.30: Quasi-static fracture surfaces of the SENB specimens of the 10PUi epoxy polymer.
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The nano-cavities observed on the quasi-static fracture surface were still observed at the
fatigue threshold, although the appearances are slightly different. ‘Fibril-like’ features
were present on both larger and spherical agglomerates, as presented in Figure 6.31(a).
Considering the spherical agglomerates in Figure 6.31(b), the micrometre-sized cavities
were flatter than in Figure 6.30(c). As schematically illustrated in Figure 6.31(c), a
peak was observed at the centre of the spherical agglomerate, and more nano-voids
were observed in the agglomerate. Such features indicate that the drawing and tearing
of the rubbery spherical phase was present that induced plastic void growth of nano-
cavities within. This is supported by the fact that the calculated COD at the fatigue
threshold (5.3 µm) was comparable to the size of the spherical agglomerates (∼2 µm).
The rubbery PUi particles were able to induce plastic void growth of the nano-cavities
formed within agglomerates to increase the Gth value at the fatigue threshold.
10PUii epoxy polymer
The PUii toughener formed well dispersed rubbery particles that were up to 90 nm
in length, and such a morphology decreased the σy value and increased the εfc value.
Because the difference in the moduli of the rubbery PUii particles and the surround-
ing epoxy is significant, stress concentrations at the PUii-epoxy interface are created,
decreasing the overall yield stress [5] and causing the particles to debond. In Fig-
ure 6.32(a), the PUii nano-particles are indicated that have lengths similar to the
secondary phase observed using AFM. Figure 6.32(b) examines these particles more
closely, and possible nano-voids are presented, indicating that interfacial debonding
from the epoxy induces plastic void growth. Pull-out and rubber bridging mechanisms
were ruled out due to the small lengths of the particles relative to the COD value.
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Figure 6.31: Fatigue fracture surface of the 10PUi epoxy polymer at the threshold.
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Figures 6.32(a) shows the relatively large nano-voids induced by the fumed silica. The
average diameter was 46±19 nm, but diameters of up to about 150 nm were also
observed. Figure 6.32(c) presents these relatively large voids that clearly show that
the plastic void growth was induced by debonding of the fumed silica. The significantly
increased value of εfc for the 10PUii epoxy enabled for the cavities to grow further and
increased the GIc value. For example, the morphologies and the σy values of the 10PUii
and the 10PPGm epoxies were very similar, but the 10PUii epoxy exhibited a higher
value of εfc. This increased the extend of energy absorbed via plastic void growth
in the 10PUii epoxy, and the GIc value was greater when compared to the 10PPGm
epoxy.
Furthermore, the PUii particles were able to induce shear-band plastic yielding as
indicated by the strain softening of the material under compressive loads. The cross-
section of the plane strain compression test specimen in Figure 6.33 shows sharp shear-
bands in the central region. This, in combination with the plastic void growth of the
nano-cavities induced by the fumed silica and PUii particles, increased the GIc value
significantly.
Figure 6.34 presents the fatigue fracture surfaces at the threshold, and the nano-voids
induced by the fumed silica were still observed. The average diameter of such voids was
45±14 nm, which was increased from the 30±10 nm of the unmodified epoxy. Figure
6.34(a) also shows a few voids that range up to about 150 nm in diameter. These
dimensions were similar to the those observed on the quasi-static fracture surfaces, but
there were fewer of them due to the smaller plastic yield zone in fatigue.
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Figure 6.32: Quasi-static fracture surfaces of the 10PUii epoxy polymer.
1 mm
Compressed region
Figure 6.33: Cross-section of plane strain compressed specimen of 10PUii examined using cross-
polarised transmission light microscopy.
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Figure 6.34(b) shows the worm-like nano-particles of PUii that ranged up to about
100 nm in length. These features suggest that the debonding and nano-voiding induced
by the PUii nano-particles still take place at the fatigue threshold. Considering their
morphologies, the 10PPGm and 10PUii epoxies were similar in that both tougheners
formed a well dispersed worm-like nano-phase in the epoxy, but the fatigue threshold
was only increased for 10PUii. The dark circular dots indicative of nano-voiding were
not clearly observed on the fatigue threshold fracture surfaces of the 10PPGm epoxy.
This may be due to the fact that the PPGm toughener formed a strong bond with the
epoxy, because the PPGm toughener was epoxy-terminated. Since the PUii toughen-
ers were not epoxy-terminated, debonding of the PUii particles required less energy,
and thus, were able to induced plastic deformation of the nano-voids.
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Nano-voidsi
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(a) Nano-cavities.
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(b) Worm-like phase of PUii.
Figure 6.34: Fatigue fracture surfaces of the 10PUii epoxy polymer at the threshold.
6.8 Concluding Remarks
Both types of the poly(propylene glycol) tougheners, PPGm and PPG, formed a sec-
ondary phase of nano-particles. When 10 wt.% of either PPGm or PPG toughener
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was added to the epoxy, the true tensile yield strength was decreased significantly and
the true compressive failure strain was increased slightly. Such properties allowed for a
greater plastic yield zone ahead of crack tip and more energy was absorbed by the plas-
tic void growth of the nano-cavities by the fumed silica. Debonding of the PPGm and
PPG from the epoxy was also observed on the fracture surfaces. Additionally, shear-
band plastic yielding was induced by the PPGm toughener. The fatigue properties
were, however, not increased by the presence of either tougheners.
The difunctional epoxydised polysulfide (PS) toughener had no influence on the mor-
phology or on most properties, such as E and σy. Shear-banding was induced by
PS, but no significant amount of energy was dissipated due to the homogeneous mor-
phology. Nevertheless, εfc value was increased significantly and strain softening was
observed clearly. Such properties are anticipated to create synergy when combined
with a particulate phase (e.g. core-shell rubber particles), because the amount of plas-
tic deformation endured by the cavities will increase, and inter-particulate shear-band
plastic yielding are expected. This idea is explored further in Chapter 11.
Polyethersulfone, PES, maintained high values of E and Tg of the epoxy, while forming
micrometre-sized spherical particles. Such a morphology decreased the quasi-static
fracture energy, because the secondary phase of PES could not induce any additional
toughening mechanism, but only decreased the degree of dispersion of fumed silica.
Since no benefits were observed under cyclic-fatigue loading either, this PES toughener
will not be investigated further.
Polyether-based polyurethane, PUi, formed a nano-phase that was either well dispersed
or agglomerated with the fumed silica. The well dispersed PUi particles debonded from
the epoxy, but the main toughening mechanism was micro- and nano-cavitation within
the agglomerates under quasi-static loading. Nano-cavities within the agglomerates
were also observed at the fatigue threshold, and drawing and tearing of the spherical
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agglomerates was also observed, and the Gth value was increased significantly.
Poly(propylene glycol)-based polyurethane, PUii, formed a well dispersed nano-particles
and the εfc value was increased significantly. Such properties allowed for the cavities
formed at the fumed silica to grow further and absorb a significant amount of en-
ergy. Debonding and possible nano-cavitation of the PUii nano-particles were also
observed. Shear-band plastic yielding was also responsible for the increased value of
GIc. Same toughening mechanisms were observed at the fatigue threshold, but to a
lesser extent.
Figure 6.35 and Table 6.6 summarise the material properties of the modified epoxy
polymers containing the polymer-based tougheners.
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Figure 6.35: Quasi-static vs. fatigue fracture properties of the modified epoxy polymers containing
the polymer-based tougheners.
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Chapter 7
Block Copolymer Modified Epoxy
Polymers
7.1 Introduction
The present Chapter investigates the modified epoxy polymers containing the block
copolymer tougheners as listed in Table 7.1. The details of the tougheners were dis-
cussed in Section 3.4 and the influence on the morphological and the fracture properties
are discussed here.
Table 7.1: Modified epoxy polymers containing the block copolymer tougheners.
# Name wt.% Blocks
9 5MAMi 5 PMMA-poly(butyl acrylate)-PMMA
10 5MAMii 5 PMMA-poly(butyl acrylate)-PMMA
11 5MBSa 5 PMMA-polybutadiene-polystyrene
12 5MBSb 5 PMMA-polybutadiene-polystyrene
13 5MBSc 5 PMMA-polybutadiene-polystyrene
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7.2 Glass Transition Temperatures
The influence of the block copolymer tougheners on the glass transition temperature,
Tg, was measured using DMTA and the results are described below.
5MAMi epoxy polymer
The glass transition of the 5MAMi epoxy occurred at 136±2◦C and the Tβ was at
−72±1◦C, as shown in Figure 7.1(a). The Tg of poly(butyl acrylate) is about −50◦C
[187], but no characteristic peak indicating this Tg was observed. This may be due
to the small weight fraction of the poly(butyl acrylate)-block in the modified epoxy.
Assuming about a third of the MAMi block is formed from poly(butyl acrylate), only
about 1.7 wt.% is present in the 5MAMi epoxy, and the DMTA results cannot clearly
define whether the MAMi toughener phase separated. A shoulder to the left of the
main peak is possibly due to the PMMA-block, because the Tg of PMMA is in the
range of 100∼150◦C [5, 119] and this shoulder is located within this range.
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Figure 7.1: DMTA tan(δ)-temperature curve of MAM -modified epoxies: 5MAMi and 5MAMii.
5MAMii epoxy polymer
The Tg of the 5MAMii epoxy was 134±2◦C and the Tβ was −71±2◦C, as shown in
Figure 7.1(b). These characteristics were the same as those of the unmodified epoxy,
indicating that the addition of 5 wt.% of MAMii does not influence the glass transition
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of the epoxy polymer. The shoulder observed previously in the 5MAMi epoxy was
not clearly observed in Figure 7.1(b). It was discussed in Section 3.4 that the only
known difference is the higher molecular weight, Mw, of the MAMii block copolymer
compared to the MAMi toughener. The Tg increases with Mw [5], and thus, the Tg
of the PMMA-block must be closer to the Tg of the epoxy. It is also possible that the
size of the poly(butyl acrylate)-block relative to the PMMA-block was increased. The
morphological differences will be discussed in the next Section.
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Figure 7.2: DMTA tan(δ)-temperature curve of MBS-modified epoxies: 5MBSa, 5MBSb and 5MBSc.
5MBSa, 5MBSb and 5MBSc epoxy polymers
In Figure 7.2, the Tg of the MBS-modified epoxy polymers was about 135± 2◦C and
the Tβ was about −72± 2◦C, which are not significantly different from the unmodified
epoxy. A shoulder to the left of the main peak indicates the presence of the PMMA-
and the polystryene-blocks (Tg ≈ 100◦C [2]). In all three cases, there is a plateau at
about −100 ∼ −70◦C that may occur due to the presence of the polybutadiene-blocks,
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which is known to have a Tg of about −85◦C [119]. Such characteristics indicate
that there may be a secondary phase of the block copolymer in the epoxy, and no
signiﬁcant diﬀerences were observed across the three MBS-modiﬁed epoxies from the
DMTA results. The morphologies will be described in the next Section.
7.3 Morphologies
The morphologies created by the addition of the block copolymer tougheners were
studied using AFM and are discussed in the present Section.
5MAMi epoxy polymer
The addition of the MAMi block copolymer created a nano-sized secondary phase,
as presented in Figure 7.3. Figure 7.3(b) shows worm-like micelles that range up
to about 200 nm in length and 10 nm in width, and that are well dispersed in the
epoxy. The morphology of a MAMi-modiﬁed epoxy from the manufacturer’s data
sheet [188] is presented in Figure 7.5(c), and the morphology agrees very well with the
present study. A schematic illustration and a TEM image of the micellar structure are
presented in Figure 7.4, where the epoxy miscible PMMA blocks surround the rubbery
epoxy immiscible poly(butyl acrylate) blocks.
???????????????????????
(a) Height.
??????
??????????
????????????
?????????????????????
??? ??????????????????
(b) Phase. (c) Phase image from [188].
Figure 7.3: Morphology of the MAMi-modiﬁed epoxy polymers obtained using AFM.
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Figure 7.4: Worm-like micelle structure: a schematic illustration and a TEM image.
5MAMii epoxy polymer
A secondary phase was also created when 5 wt% of the MAMii toughener was added,
as shown in Figure 7.5. The molecular weight of MAMii was higher than MAMi
and this difference resulted in a slightly different morphology. The MAMii phase was
always found to be agglomerated with the fumed silica particles, being ‘branch-like’ and
up to about 2 µm in length. Barsotti et al. [188] also investigated a MAMii-modified
epoxy polymer and the addition of 10 wt.% created a morphology as presented in
Figure 7.5(c). The authors described the separated phase as ‘spider web-like’, and this
phase is very similar to the present study.
1 μmCutting direction
(a) Height.
1 μm
Agglomerated 
fumed silica and 
MAMii block 
copolymer
(b) Phase.
2 μm
MAMii phase
(c) Phase image from [188].
Figure 7.5: Morphology of the MAMii-modified epoxy polymers obtained using AFM.
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From the DMTA results in the previous Section, it was suspected that the size of
the epoxy-immiscible poly(butyl acrylate)-block in MAMii was increased. Dean et
al. [49] reported that the block copolymer phase transforms from worm-like micelles
to spherical micelles as the size of the epoxy-immiscible block increases. The findings
of Dean et al. [49] are not exactly identical to the present study, but the trend that
the phase becomes larger as the epoxy-immiscible block size increases agrees with the
conclusions from the present study.
5MBSa, 5MBSb and 5MBSc epoxy polymers
Figure 7.6 presents the AFM images of the modified epoxy polymers containing the
MBS block copolymer. 5MBSa, 5MBSb and 5MBSc were supplied in different batches
and a secondary phase was created in all cases. The secondary phase of MBS was ag-
glomerated with the fumed silica, and ranged up to about 1 µm in length. Some fumed
silica particles in Figure 7.6 were found to exist independent of the block copolymer
phase. A similar morphology was reported by Chong [61], where domains of MBS
block copolymer were formed that ranged up to about 2 µm in size. No obvious dif-
ferences between the three MBS-modified epoxy polymers were observed using AFM.
However, some variations in the fracture energy were observed, and the morphologies
will be investigated further in Section 7.5.
Table 7.2 summarises the glass transition temperatures and the morphologies of the
block copolymer-modified epoxy polymers. The next Section will investigate the tensile
and compressive mechanical properties of these materials.
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Figure 7.6: Morphology of the 5MBSa, 5MBSb and 5MBSc epoxy polymers obtained using AFM.
Table 7.2: Summary of glass transition temperatures, Tg, and morphologies of modified epoxy poly-
mers containing block copolymer tougheners.
# Name Tg [
◦C] Morphology
1 Unmodified 132 Fumed silica aggregates randomly dispersed. Diameter
of primary particle was 30 nm. Some micrometre-sized
spherical agglomerates of fumed silica. Occasional air
bubbles.
9 5MAMi 136 MAMi worm-like micelles of up to 200 nm in length
well dispersed.
10 5MAMii 134 Branch-like MAMii phase agglomerated with fumed sil-
ica ranging up to 1 µm.
11 5MBSa 135 Domains of MBS and fumed silica ranging up to 1 µm.
12 5MBSb 135 As above.
13 5MBSc 137 As above.
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7.4 Tensile and Compressive Mechanical
Properties
The present Section describes the influence of the block copolymers on the tensile
and compressive properties of the epoxy polymers. Table 7.3 and Figures 7.7 and 7.8
present the test results.
Table 7.3: Young’s modulus, E, true tensile yield strength, σy, true compressive strain at failure, εfc,
and occurrence of strain softening.
# Name
E σy εfc Strain
[GPa] [MPa] [mm/mm] softening?
1 Unmodified 3.53 ± 0.09 93 ± 3 0.85 No
9 5MAMi 3.01 ± 0.06 85 ± 0 0.88 No
10 5MAMii 2.85 ± 0.14 83 ± 0 0.87 No
11 5MBSa 3.04 ± 0.08 85 ± 1 0.88 No
12 5MBSb 2.96 ± 0.10 83 ± 1 0.85 No
13 5MBSc 3.06 ± 0.06 83 ± 0 0.82 No
5MAMi epoxy polymer
The Young’s modulus of the 5MAMi epoxy was decreased to 3.01±0.06 GPa from
3.53±0.09 GPa of the unmodified epoxy, while the true tensile yield strength was also
decreased to 85±0 MPa from 93±3 MPa. Thus, the presence of the soft worm-like
micelles of MAMi decreased both E and σy, but the true compressive strain at failure
was not increased significantly. The true compressive stress-strain curve of the 5MAMi
epoxy is presented in Figure 7.8(a), and it can be seen that the true compressive yield
stress was decreased, but no strain softening was observed.
5MAMii epoxy polymer
The MAMii block copolymer formed a branch-like rubbery phase and such a morphol-
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Figure 7.7: Young’s modulus, E, and true tensile yield strength, σy, of the block copolymer-modified
epoxy polymers.
ogy decreased the values of E and σy. The Young’s modulus was 2.85±0.14 GPa, which
was about 20% lower than the unmodified epoxy value, and this value was the lowest
observed for the block copolymer-modified epoxies. The measured σy was 83±0 MPa
and no significant improvements in the true compressive strain at failure were observed.
No strain softening was observed during the plane strain compression test, as shown
in Figure 7.8(a).
5MBSa, 5MBSb and 5MBSc epoxy polymers
The addition of the MBS block copolymer decreased the Young’s modulus to about
3 GPa for the three MBS-modified epoxies. The value of σy was decreased to about
83 MPa due to the presence of the soft secondary phase of the MBS toughener, and
no significant changes were observed in the true compressive strain at failure. The true
compressive stress-strain characteristics of the MBS-modified epoxies in Figure 7.8(b)
show that no strain softening occurs.
To summarise, the addition of the block copolymers, MAMi, MAMii and MBS,
decreased the values of E and σy. No significant influence on the true compressive
strain at failure was induced and no strain softening was observed. The next Section
will discuss the quasi-static fracture properties of these modified epoxy polymers.
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Figure 7.8: True compressive stress-strain curve of block copolymer-modiﬁed epoxy polymers.
7.5 Quasi-static Fracture Properties
Single-edge notch bending (SENB) specimens were subjected to quasi-static loads and
the mode I quasi-static fracture properties are discussed in the present Section. The
results are presented in Table 7.4 and in Figure 7.9.
Table 7.4: True tensile yield stress, σy, mode I fracture toughness, KIc, mode I fracture energy, GIc,
and plastic yield zone diameter, dy, of the block copolymer-modiﬁed epoxy polymers.
# Name
σy KIc GIc dy
[MPa] [MPa·m0.5] [J/m2] [μm]
1 Unmodiﬁed 93 ± 8 1.41 ± 0.12 494 ± 81 24 ± 4
9 5MAMi 85 ± 0 2.24 ± 0.18 1480 ± 248 73 ± 6
10 5MAMii 83 ± 0 1.53 ± 0.10 721 ± 91 36 ± 2
11 5MBSa 85 ± 1 2.45 ± 0.09 1730 ± 76 89 ± 4
12 5MBSb 83 ± 1 1.71 ± 0.21 880 ± 220 45 ± 6
13 5MBSc 83 ± 0 1.45 ± 0.47 650 ± 411 32 ± 11
5MAMi epoxy polymer
The MAMi block copolymer formed well dispersed worm-like micelles in the 5MAMi
epoxy and such a morphology increased GIc to 1480±248 J/m2, from 494±81 J/m2 of
the unmodiﬁed epoxy. The calculated plastic yield zone diameter was increased three-
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fold to 73±6 µm, from 24±4 µm of the unmodified epoxy. This agrees with Barsotti et
al. [188], who also observed that similar worm-like micellar structure increased twofold
the fracture toughness of an epoxy. The toughening mechanisms will be investigated
later in the Section 7.7.
5MAMii epoxy polymer
The MAMii phase in the 5MAMii epoxy was branch-like and was agglomerated with
the fumed silica, and such a morphology increased GIc to 721±91 J/m2. This was only
about 145% of the GIc value of the unmodified epoxy and about 50% of the 5MAMi
value. The plastic yield zone diameter calculated from the value of GIc was 36±2 µm.
Barsotti et al. [188] observed that the 5 wt.% of MAMii was able to increase the GIc
of an epoxy polymer significantly, however, MAMii was not as effective in the present
study. This may be due to the fact that unmodified epoxy contained fumed silica
particles that already toughened the epoxy to a certain extent.
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Figure 7.9: Mode I fracture toughness, KIc, and fracture energy, GIc, of the block copolymer-modified
epoxy polymers.
5MBSa, 5MBSb and 5MBSc epoxy polymers
So far, the 5MBSa, 5MBSb and 5MBSc epoxy polymers exhibited no significant dif-
ference with regards to their Tg, morphology and their tensile/compressive properties.
However, the quasi-static fracture energy values showed some variation across the three
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MBS-modified epoxy batches that were supplied. The 5MBSa epoxy was the most
promising of the three batches, which exhibited a GIc value of 1730±76 J/m2. This was
about 350% of the unmodified epoxy polymer and the highest value exhibited by any
block copolymer-modified epoxies. Previous work [28, 45] has also reported that the
MBS block copolymer was an effective toughening agent. In constrast, the respective
GIc values of 5MBSb and 5MBSc are 880±220 J/m2 and 650±411 J/m2. It is notice-
able that the values are significantly lower and that the standard deviations are very
high, especially for the 5MBSc epoxy. The clear differences across the three MBS-
modified epoxy batches will be investigated further in the ‘Toughening Mechanisms’
Section.
7.6 Cyclic-fatigue Properties
The fatigue threshold fracture energy, Gth, of each of the block copolymer-modified
epoxy polymers was measured as described in Section 4.6. The fatigue results are
presented in Table 7.5 and in Figures 7.10 and 7.11.
Table 7.5: Static fracture energy, GIc, fatigue threshold fracture energy, Gth, ratio Gth/GIc and the
Paris Law parameter, m.
# Name
GIc Gth Gth/GIc m
[J/m2] [J/m2]
1 Unmodified 494 ± 81 153 ± 10 0.31 9.2 ± 0.8
9 5MAMi 1480 ± 248 173 ± 10 0.12 4.9 ± 0.1
10 5MAMii 721 ± 91 153 ± 13 0.21 4.6 ± 0.4
11 5MBSa 1730 ± 76 131 ± 9 0.08 4.5 ± 0.1
12 5MBSb 880 ± 220 135 ± 10 0.15 4.9 ± 0.5
13 5MBSc 650 ± 411 111 ± 7 0.17 6.5 ± 0.5
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5MAMi epoxy polymer
The results of the fatigue crack growth rate, da/dN , against the maximum applied
fracture energy, Gmax, in a fatigue cycle of 5MAMi are presented in Figure 7.10. The
fatigue threshold fracture energy was 173±10 J/m2, which was only 12% of the GIc
value. The presence of the MAMi block copolymer was not too effective in increasing
the Gth of the epoxy as the Gth value was 153±10 J/m2 for the unmodified epoxy. The
gradient was decreased to 4.9±0.1 from 9.2±0.8, which means that the crack propaga-
tion rate is lower at higher levels of input energy, and this indicates that the toughening
mechanism is only active closer to the quasi-static fracture energy, GIc.
5MAMii epoxy polymer
As for the 5MAMi epoxy, the gradient of the linear region was decreased to 4.6±0.4,
as shown in Figure 7.10. The Gth of the epoxy was not affected by the addition of the
MAMii block copolymer and remained at 153±13 J/m2. This result is similar to the
previous findings [95, 100, 103] for rubber-modified epoxies, where the gradient was
decreased but the fatigue threshold was not affected.
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Figure 7.10: Fatigue crack growth rate vs. applied maximum fracture energy in a fatigue cycle of
5MAMi and 5MAMii.
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5MBSa, 5MBSb and 5MBSc epoxy polymers
In Figure 7.11, the fatigue test results of the three MBS-modified epoxy polymers are
presented. The Gth values of 5MBSa and 5MBSb were 131±9 J/m2 and 135±10 J/m2,
respectively. These values of Gth are not significantly different from that of the unmod-
ified epoxy, given the experimental errors involved. The gradients of the linear region
of these two modified epoxies were similar at 4.5±0.1 and 4.9±0.5, and both were de-
creased compared to that of the unmodified epoxy. For the 5MBSc epoxy polymer,
the Gth was decreased to 111±7 J/m2 and the gradient was only decreased to 6.5±0.5.
The fatigue threshold was decreased compared to the unmodified epoxy, and like the
quasi-static fracture results, the fatigue results exhibit some variation across the three
batches. Such differences may arise from the morphologies of the three MBS-modified
epoxies, as will be discussed in the next Section.
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Figure 7.11: Fatigue crack growth rate vs. applied maximum fracture energy in a fatigue cycle of
5MBSa, 5MBSb and 5MBSc.
The general fatigue characteristics in Figure 7.11 of the MBS-modified epoxies are
similar to those of other rubber-modified epoxies: other researchers [95, 100, 103]
showed that the gradient decreased as a rubbery phase was added, but the threshold
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did not change (see Section 2.7). All the MBS-modified epoxies exhibited similar
results in that the gradient decreased and no significant change in the threshold was
observed.
7.7 Toughening Mechanisms
The previous two Sections described the quasi-static and the cyclic-fatigue fracture
properties of the block copolymer-modified epoxies. In the present Section, the fracture
surfaces and the toughening mechanisms are discussed.
5MAMi epoxy polymer
The morphological studies have shown that nano-sized worm-like micelles were dis-
persed in the epoxy when MAMi was added. Such a morphology was able to increase
the GIc to about 300% of the unmodified epoxy value. The nano-cavitation observed in
the unmodified epoxy was also observed in 5MAMi, in both cases, due to the presence
of the fumed silica particles. Figure 7.12(a) shows these darker cavities in the vicinity
of the fumed silica.
The worm-like micelles, which ranged up to about 200 nm in length, were observed on
the quasi-static fracture surface in Figure 7.12(b). Wu et al. [56] observed that GIc of
a modified epoxy was increased tenfold when a worm-like micelle phase was present.
They proposed toughening mechanisms of pull-out, bridging, interfacial debonding and
nano-cavitation. In the present study, the size of the MAMi micelles was commonly
less than 200 nm and this is significantly smaller than the crack opening displacement
(∼17 µm), and thus pull-out and bridging mechanisms are highly unlikely. The worm-
like micelles indicated in Figure 7.12(b), suggest that these particles debond to form
cavities due to the triaxial stress at the crack tip. These cavities subsequently induce
plastic void growth of the epoxy and a significant energy is absorbed.
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Figure 7.12: Quasi-static fracture surfaces of the 5MAMi epoxy.
The addition of the MAMi block copolymer was not beneficial under fatigue loading.
The fatigue fracture surfaces at the initiation and propagation regions resembled the
quasi-static fracture surfaces, as expected. At the fatigue threshold (see Figure 7.13)
no significant difference from the unmodified epoxy was observed. The MAMi micelles
were not frequently observed, indicating that debonding of the micelles from the epoxy
is not taking place. Thus, the energy levels at the threshold were also not sufficient to
activate a nano-voiding mechanism.
5MAMii epoxy polymer
The MAMii phase agglomerated with the fumed silica to form a micrometre-sized
branch-like phase (see Figure 7.14), increasing the quasi-static fracture energy moder-
ately. These agglomerates of MAMii and fumed silica induced plastic void growth, as
typically observed for epoxies possessing a rubbery phase. Nano-voids and fibrils (Fig-
ure 7.14(c)) were observed within these soft domains, indicating debonding from the
epoxy. However, such well defined domains were scarce – for example, Figure 7.14(a)
shows that the rubbery MAMii domains were not always clearly defined due to the
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Figure 7.13: Fatigue fracture surface at the threshold of the 5MAMi epoxy.
fumed silica.
Dean et al. [49] and Chong [61] also observed that the rubbery domains of block
copolymers debond from the epoxy and induce plastic void growth. Figure 7.15 presents
the fracture surfaces from the two studies, where the fibrils between the rubbery phase
and the epoxy indicate void growth after debonding. These findings agree with the
present study, although the indications are not as clear due to the presence of the
fumed silica particles.
The addition of the MAMii toughener had no influence on the fatigue threshold prop-
erties. The fatigue fracture surfaces were similar to the quasi-static fracture surfaces.
At the fatigue threshold (Figure 7.16), the domains of fumed silica and MAMii are still
observed. However, the unchanged value of Gth indicates the input energy level was
not sufficient to induce significant void growth. It is difficult to measure whether the
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MAMii phases have grown in size, as the initial dimensions are not consistent.
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Figure 7.14: Fracture surfaces of the 5MAMii epoxy, showing indications of debonding of the
MAMiifumed silica domains.
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Figure 7.15: Fracture surface of block copolymer modified epoxy polymers, showing debonding of
the rubbery particles.
5MBSa, 5MBSb and 5MBSc epoxy polymers
The micrometre-sized rubbery domains of the MBS block copolymer and the fumed
silica in the 5MBSa epoxy polymer were able to increase the GIc value significantly. As
for the 5MAMii epoxy polymer, these rubbery domains debonded from the epoxy and
plastic void growth was observed in Figure 7.17(a). Similar results have been observed
by other researchers [49, 61], as already presented in Figure 7.15. Nano-cavities were
also observed due to the fumed silica particles.
The fatigue fracture surfaces resembled the quasi-static fracture surfaces, and at the
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Figure 7.16: Fatigue fracture surface at the threshold of the 5MAMii epoxy.
fatigue threshold (Figure 7.17(b)), the MBS domains were still observed. However,
the unchanged value of Gth indicates that the amount of plastic void growth is not sig-
nificant. Even though the MBS-fumed silica domains debond or cavitate, this process
alone does not absorb a significant energy. The subsequent plastic void growth of the
epoxy is the major energy absorbing mechanism. Given that Gth was not increased,
not a significant amount of plastic deformation took place due to the relatively small
applied strains. This agrees with previous findings [95, 100, 103] that showed a rub-
bery phase in an epoxy polymer was only beneficial under quasi-static loading and not
under fatigue cyclic loading.
In theory, the three MBS-modified epoxy polymers should exhibit identical morpholo-
gies and mechanical properties. However, it was shown in Sections 7.5 and 7.6 that the
quasi-static and the fatigue properties varied. The AFM images were unable to reveal
any apparent dissimilarities, but the FEGSEM images of the quasi-static fracture sur-
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Figure 7.17: Quasi-static and fatigue fracture surfaces of the 5MBSa epoxy.
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faces showed some differences by examining larger areas as presented in Figure 7.18.
Figures 7.18(a) and (b) of 5MBSa and 5MBSb, respectively, show that the fracture sur-
faces are relatively uniform. The white areas indicative of the presence of the fumed
silica particles and the MBS block copolymer are present throughout. In contrast, the
fracture surface of the 5MBSc epoxy polymer presented in Figure 7.18(c) shows that
the degree of dispersion is poor, and Figure 7.19 shows this in more detail.
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Figure 7.18: Quasi-static fracture surfaces of the SENB specimens of the 5MBSa, 5MBSb and 5MBSc
epoxy polymers.
There are several distinguishable regions in Figure 7.19: (a) a pure epoxy polymer
region, without any fumed silica; (b) a MBS block copolymer-rich region, where sec-
ondary domains of MBS block copolymer were mainly present; (c) a spherical ag-
glomerates of fumed silica region, where fumed silica was concentrated locally; and
(d) a MBS and fumed silica region, where both MBS and fumed silica particles were
present and relatively well dispersed (i.e. as for 5MBSa). There were also regions that
resembled the unmodified epoxy polymer, i.e. with well dispersed fumed silica and
without any MBS phase.
Figure 7.19 confirms that the constituents in the 5MBSc epoxy polymer were poorly
dispersed. It is suggested, therefore, that the MBS phase could not activate extensive
toughening due to the inconsistent morphology. Also, local regions of pure epoxy en-
couraged brittle fracture, so the 5MBSc exhibited no significant increase in GIc, unlike
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the 5MBSa epoxy. Furthermore, the variation of the values of GIc between each SENB
specimen was relatively large due to the inconsistent morphology. For the 5MBSb
epoxy, the fracture surface did not show an evident difference from the 5MBSa epoxy.
But given that the GIc value was significantly lower and that the standard deviation
was relatively high, the reasons must be similar to those of the 5MBSc epoxy but con-
fined to a smaller area.
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Figure 7.19: Quasi-static fracture surface of the 5MBSc epoxy polymer, showing regions of different
morphologies.
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7.8 Concluding Remarks
The MAMi block copolymer formed well dispersed worm-like micelles that did not
influence the glass transition temperature of the epoxy. The quasi-static fracture prop-
erties were improved significantly, and debonding/nano-cavitation of the worm-like
MAMi micelles followed by plastic void growth was the toughening mechanism. The
fatigue threshold was not changed, although the gradient of the linear region was de-
creased. The MAMii and MBS block copolymers formed micrometre-sized domains
that debonded from the epoxy and induced plastic void growth under quasi-static load-
ing. However, they did not increase the fatigue threshold fracture energy. The three
batches of MBS-modified epoxy polymers exhibited different values of GIc, due to the
poor dispersion of the constituents. Table 7.6 and Figure 7.20 summarise the properties
of the block copolymer modified epoxy polymers.
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Figure 7.20: Quasi-static and fatigue fracture properties of the modified epoxy polymers containing
block copolymers.
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Chapter 8
Core-shell Rubber Particle
Tougheners
8.1 Introduction
The present Chapter describes the properties of the modified epoxy polymers containing
the core-shell rubber (CSR) particle tougheners, as listed in Table 8.1. The details of
these tougheners can be found in Section 3.5.
Table 8.1: Modified epoxy polymers containing core-shell rubber particle tougheners.
# Name wt.% Core Shell ø∗ [nm]
14 5CSi 5 Polybutadiene PMMA 100
15 10CSi 10 Polybutadiene PMMA 100
16 10CSii 10 Styrene-butadiene PMMA 100
17 10CSiii 10 Polybutadiene PMMA 200
∗Nominal outer shell diameter. Data from product catalogues [38, 134, 135].
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8.2 Glass Transition Temperatures
The influence of the preformed core-shell rubber particles on the glass transition tem-
perature of the epoxy polymer is described in the present Section.
5CSi epoxy polymer
Figure 8.1(a) presents the tan(δ)-temperature curve of the 5CSi epoxy polymer. The
glass transition temperature of 134±2◦C was not significantly different from the un-
modified epoxy value, indicating that the polybutadiene-cores remained a separate
phase. This was as expected, as the preformed CSR particles have a rigid PMMA shell
that separates physically the rubbery core from the epoxy. A small peak at −78±2◦C
was observed, and considering that Tg of the polybutadiene elastomer is about −85◦C
[5], and that the Tβ of the unmodified epoxy was −68◦C, this small peak may be the
summation of Tβ of the epoxy polymer and Tg of the polybutadiene-core. A small
shoulder is present to the left of the main tan(δ) peak, which was more pronounced
when the content of the CSi was increased, and is therefore discussed below.
10CSi epoxy polymer
The shoulder was more evident in the 10CSi epoxy as presented in Figure 8.1(b),
and may correspond to the glass transition temperature of the PMMA-shells. Since
the rigid shells do not dissolve in the epoxy resin, such a peak was to be expected.
PMMA has a Tg in the range of 100∼150◦C [5, 119] and the shoulder is located within
this range. A small secondary peak was observed at −79±0◦C due to the rubbery
polybutadiene-core phase, and the glass transition temperature of the 10CSi epoxy
polymer was 134±3◦C, which was identical to the unmodified epoxy value.
10CSii epoxy polymer
The core-shell rubber type ii was formed of a styrene-butadiene-core and a PMMA-
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Figure 8.1: DMTA tan(δ)-temperature curve of CSR-modified epoxy polymers: 5CSi and 10CSi.
shell. Figure 8.2(a) shows a shoulder from the PMMA-shells, and the Tg of the
epoxy was not significantly different at 129±2◦C. A secondary peak was measured
at −67±0◦C due to the styrene-butadiene copolymer, which is known to have a value
of Tg in the range of −65∼−50◦C [119]. This Tg of styrene-butadiene copolymer is
slightly higher than that of the polybutadiene for the CSi particles.
10CSiii epoxy polymer
The Tg of the CSiii-modified epoxy polymer was 136±2◦C, and a smaller peak was
observed at −78±0◦C due to the polybutadiene core. The characteristics of the 10CSiii
epoxy were similar to those of the 10CSi epoxy, because the CSR particles both have
a polybutadiene-core and a PMMA-shell, the only difference being the size of the
particles.
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Figure 8.2: DMTA tan(δ)-temperature curve of CSR-modified epoxy polymers: 10CSii and 10CSiii.
197
Chapter 8: Core-shell Rubber Particle Tougheners
8.3 Morphologies
The core-shell rubber particles are preformed with a functionalised PMMA shell [184]
to promote chemical bonding with the epoxy polymer. The resulting morphologies of
the CSR-modified epoxy polymers are described here.
5CSi epoxy polymer
The AFM images of the 5CSi epoxy in Figure 8.3 show well dispersed rubber particles,
even though the fumed silica may have interfered with the dispersion. It was not
possible to distinguish the PMMA-shells from the epoxy polymer, because they were
well bonded to the epoxy and both materials have a similar hardness. The nominal
outer shell diameter was stated to be about 100 nm [38, 134], and the average diameter
of the rubbery cores was 48±15 nm. The volume fraction measured from the phase
image was 6.2 vol.%, which is in a good agreement with the theoretical value of 5.8 vol.%
calculated using the densities of the constituents as described in Section 3.5.
1 μm
Cutting direction
(a) Height.
1 μm
Aggregates of
fumed silica
Rubbery core
of CSR particle
(b) Phase.
Figure 8.3: Morphology of the 5CSi epoxy polymer obtained using AFM.
10CSi epoxy polymer
In Figure 8.4, the rubbery particles are well dispersed in the epoxy, and an average core
diameter of 45±14 nm was measured, which is similar to the 5CSi epoxy, as expected.
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The volume fraction measured from the images was 11.7 vol.% that agrees well with
the theoretical value of 11.5 vol.%. Considering the two CSi-modified epoxy polymers,
the CSR particles were well dispersed regardless of the amount of the toughener added,
and regardless of the presence of the fumed silica.
1 μm
Cutting direction
(a) Height.
1 μm
Aggregates of
fumed silica
Rubbery core
of CSR particle
(b) Phase.
Figure 8.4: Morphology of the 10CSi epoxy polymer obtained using AFM.
10CSii epoxy polymer
The morphology of the 10CSii epoxy was very similar to the two CSi-modified epox-
ies. In Figure 8.5, the styrene-butadiene cores are clear and the particles are well
dispersed. The average diameter of the cores was measured to be 51±17 nm. The
theoretical volume fraction was 11.5 vol.%, which was very close to the measured value
of 13.1 vol.%.
10CSiii epoxy polymer
The 10CSiii epoxy contained 10 wt.% of the larger CSR particles with a nominal outer
diameter of 200 nm. The average diameter of the rubbery cores from Figure 8.6 was
169±75 nm and the volume fraction was 13.9 vol.%. The dispersion of the CSR particles
was poorer than for the smaller CSR particles. As highlighted in Figure 8.6(b), some
cores appear to be in contact with the neighbouring particles. However, the height
image in Figure 8.6(a) shows that these cores are coming out of the page (lighter
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region indicates convex profile). This means that these hemispheres come in contact
only after microtoming, during which the large rubbery cores are pulled out.
1 μm
Cutting direction
(a) Height.
1 μm
Aggregates of
fumed silica
Rubbery core
of CSR particle
(b) Phase.
Figure 8.5: Morphology of the 10CSii epoxy polymer obtained using AFM.
CSR particles 
pulled out
2 μm
(a) Height.
2 μm
Rubbery core
of CSR particle
CSR particles 
in contact
(b) Phase.
Figure 8.6: Morphology of the 10CSiii epoxy polymer obtained using AFM.
The microtomed specimens were coated with a 15 nm thick layer of chromium and
examined using FEGSEM. In Section 4.7.3, it was discussed that the measured di-
ameters of the rubbery cores using the FEGSEM images (see Figure 8.7) were about
70∼85% of those measured using AFM. Since both microscopes were fully calibrated,
the difference is considered to arise from the two different techniques. Therefore, both
sets of measurements were taken and neither was treated as ‘incorrect’. Figure 8.7 and
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Table 8.2 present the results. The main features on the FEGSEM images were identical
to those observed from the AFM images, but the main difference was the measured
diameters of the cores. Additionally, Figure 8.7(c) shows a few lighter convex CSiii
particles (indicated by the arrows) along with the darker concave particles. This agrees
with Figure 8.6(a) and confirms that the rubbery cores of the larger CSiii particles
can be pulled out rather than being sectioned during microtoming.
0.5 μm
(a) 10CSi.
0.5 μm
(b) 10CSii.
0.5 μm
(c) 10CSiii.
Figure 8.7: FEGSEM image of microtomed surface of CSR-modified epoxy polymers.
Table 8.2: Average rubbery core diameters of the CSR particles and the theoretical/measured values
of volume fraction.
# Name
Ave. core diameter [nm] Volume fraction [vol.%]
AFM FEGSEM theoretical measured
14 5CSi 48 ± 15 35 ± 8 5.8 6.2
15 10CSi 45 ± 14 37 ± 11 11.5 11.7
16 10CSii 51 ± 17 40 ± 11 11.5 13.1
17 10CSiii 169 ± 75 135 ± 30 10.9 13.9
Briefly summarising the results so far, CSR particles do not have a significant influence
on the glass transition temperature of the epoxy. The rubbery core of the CSR particles
always remained a separate phase from the epoxy and were well dispersed even with the
presence of the fumed silica. The next Section will discuss the tensile and compressive
mechanical properties.
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8.4 Tensile and Compressive Mechanical
Properties
Tensile and plane strain compression (PSC) tests were carried out, and the results are
presented in Table 8.3 and in Figures 8.8 and 8.9.
Table 8.3: The Young’s modulus, E, true tensile yield strength, σy, true compressive strain at failure,
εfc, and occurrence of strain softening of the CSR-modified epoxy polymers.
# Name
E σy εfc Strain
softening?[GPa] [MPa] [mm/mm]
1 Unmodified 3.53 ± 0.09 93 ± 8 0.85 No
14 5CSi 3.27 ± 0.07 83 ± 0 0.82 No
15 10CSi 2.63 ± 0.07 71 ± 1 0.88 No
16 10CSii 2.61 ± 0.06 68 ± 1 0.97 No
17 10CSiii 2.59 ± 0.07 65 ± 0 0.82 No
5CSi epoxy polymer
The addition of 5 wt.% of the CSi toughener resulted in a well dispersed rubbery
particulate phase, and hence, the Young’s modulus of the 5CSi epoxy was decreased
by about 7% from the unmodified epoxy value to 3.27±0.07 GPa. The true tensile
yield stress was 83±0 MPa, which was decreased by about 10% from 93±8 MPa of
the unmodified epoxy. The true compressive stress-strain data in Figure 8.9 show that
no strain softening was induced by the addition of CSi (Figure 8.8(b)). The true
compressive strain at failure, εfc, was measured to be 0.82 mm/mm, which was not
significantly different from the unmodified epoxy value.
10CSi epoxy polymer
A higher concentration of the rubbery polybutadiene phase was expected to decrease
further the Young’s modulus, and the E value was 2.63±0.07 GPa for the 10CSi epoxy.
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The σy value was also decreased significantly to 71±1 MPa, which was about 75% of
the unmodified epoxy value. The true compressive strain at failure was 0.88 mm/mm,
which was not a significant change from the unmodified epoxy value, and no strain
softening was observed in Figure 8.9.
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Figure 8.8: Young’s modulus, E, and true tensile yield strength, σy, of the mnodified epoxy polymers
containing the CSR particles.
10CSii epoxy polymer
The Young’s modulus was 2.61±0.06 GPa and the σy value was 68±1 MPa for the
10CSii epoxy, which were similar to those of the 10CSi epoxy. The type of the rubbery
core appears to have no significant influence on the modulus and σy value. Again, no
strain softening was observed in Figure 8.9. However, the εfc value was dependent on
the core type, and εfc was increased to 0.97 mm/mm for the 10CSii epoxy. The prop-
erties of the rubbery cores of CSi and CSii are unknown, but the styrene-butadiene
copolymer may have a higher strain to failure than the polybutadiene rubber.
10CSiii epoxy polymer
Even though the diameter of the CSiii particles was twice the diameter of the previous
two types of CSR particles, the Young’s modulus was similar at 2.59±0.07 GPa. This
is because, the volume fractions of the rubbery phase were identical. A slightly lower
value of σyc was exhibited by the 10CSiii epoxy at 65±0 MPa, which may indicate
that larger particles are more influential on the value of σy. No strain softening was
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observed, and the true compressive strain at failure was not changed significantly at
0.82 mm/mm, as for the 10CSi epoxy.
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Figure 8.9: True compressive stress-strain relationships of the CSR-modified epoxy polymers under
plane strain compressive loading.
8.5 Quasi-static Fracture Properties
The quasi-static fracture properties were determined by using single-edge notched bend
(SENB) tests as described in Section 4.5.3. The results are presented in Table 8.4 and
in Figure 8.10.
Table 8.4: True tensile yield stress, σy, mode I fracture toughness, KIc, mode I fracture energy, GIc,
and plastic yield zone diameter, dy, of modified epoxy polymers containing CSR particles.
# Name
σy KIc GIc dy
[MPa] [MPa·m0.5] [J/m2] [µm]
1 Unmodified 93 ± 8 1.41 ± 0.12 494 ± 81 24 ± 4
14 5CSi 83 ± 0 1.70 ± 0.06 778 ± 57 44 ± 2
15 10CSi 71 ± 1 2.40 ± 0.19 1940 ± 180 120 ± 10
16 10CSii 68 ± 1 2.75 ± 0.12 2540 ± 220 172 ± 9
17 10CSiii 65 ± 0 2.10 ± 0.21 1510 ± 300 111 ± 12
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5CSi epoxy polymer
The GIc value of the 5CSi epoxy was increased to 778±57 J/m2 from 494 J/m2 of the
unmodified epoxy. The corresponding plastic yield zone diameter was calculated to be
44±2 µm, which was larger than the unmodified epoxy value. The weight content of
the CSi particles appears to be insufficient to give a significant increase in the fracture
energy.
10CSi epoxy polymer
The GIc value of the 10CSi epoxy was increased by about 300% of the unmodified
epoxy value to 1940±180 J/m2. The amount of the additional fracture energy induced
by the presence of the CSi particles was not linearly proportional to the content. This
significantly increased value of GIc agrees with previous findings [43] that showed that
9 wt.% of the CSi particles increased the GIc value by about 530%.
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Figure 8.10: Mode I fracture toughness, KIc, and fracture energy, GIc, of the modified epoxy polymers
containing the CSR particles.
10CSii epoxy polymer
The fracture energy of the 10CSii epoxy was 2540±220 J/m2, which was about 515% of
the unmodified epoxy value. This was reflected by the calculated diameter of the local
plastic yield zone at the crack tip, which was 172±9 µm. The main difference between
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the 10CSi and 10CSii epoxies was their εfc values, which means that the increased
value of εfc has a positive effect on the fracture properties. Giannakopoulos et al. [43]
showed that 9 wt.% of CSii increased the GIc value of a DGEBA epoxy significantly,
and also that the CSii particles were more effective in toughening the epoxy than the
CSi particles.
10CSiii epoxy polymer
Increasing the CSR particle diameter was found to be disadvantageous as the fracture
energy was only increased to 1510±300 J/m2. This may be because, there are fewer
CSiii particles in a given volume to induce cavitation compared to the CSi parti-
cles. Another reason may be the morphology, as some CSiii particles were found to
agglomerate, and these will be discussed further in in Section 8.7.
8.6 Cyclic-fatigue Properties
The cyclic-fatigue testing was carried out as described in Section 4.6. These results are
presented in Table 8.5 and Figure 8.11, and will be discussed below.
Table 8.5: Quasi-static fracture energy, GIc, fatigue threshold fracture energy, Gth, ratio Gth/GIc
and the Paris Law parameter, m.
# Name
GIc Gth Gth/GIc m
[J/m2] [J/m2]
1 Unmodified 494 ± 81 153 ± 10 0.31 9.2 ± 0.8
14 5CSi 778 ± 57 134 ± 8 0.17 6.7 ± 0.3
15 10CSi 1940 ± 180 125 ± 8 0.06 4.1 ± 0.2
16 10CSii 2540 ± 220 193 ± 12 0.08 4.5 ± 0.1
17 10CSiii 1510 ± 300 261 ± 17 0.17 5.4 ± 0.2
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5CSi epoxy polymer
The results of the 5CSi epoxy polymer in Figure 8.11 show that the fatigue threshold
was at 134±8 J/m2, which is not significant different from the 153 J/m2 of the unmod-
ified epoxy. The Paris law parameter, m, was decreased to 6.7±0.3. Similar findings
have been reported [95, 101], where the addition of a rubbery phase was only able to
decrease the value of m, and the Gth value was not affected significantly (see Section
2.7.2).
10CSi epoxy polymer
The Gth value of the 10CSi epoxy was 125±8 J/m2, which was slightly decreased from
the unmodified epoxy value. The gradient of the linear region was decreased further to
4.1±0.2, which shows that the fatigue crack growth rate is lower at higher input energy
levels. Thus, the toughening mechanisms are only active at higher applied energy or
strain levels, i.e. as one approaches the value of GIc. Azimi et al. [100] also showed
that the gradient was decreased further as the concentration of a rubbery phase was
increased in an epoxy polymer (see Section 2.7.2).
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Figure 8.11: Fatigue crack growth rate vs. maximum applied fracture energy in a cycle of the modified
epoxy polymers containing the CSR particles.
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10CSii epoxy polymer
The Gth was slightly increased to 193±12 J/m2 when 10 wt.% of CSii was added. In
Figure 8.11, the slope was decreased to 4.5±0.1, which is similar to that of the 10CSi
epoxy. It was shown in the last Section that the GIc value was increased by about
415%, but such a positive change was not exhibited under cyclic-fatigue loading, which
is reflected by the ratio Gth/GIc = 0.08.
10CSiii epoxy polymer
The fatigue threshold fracture energy was increased significantly when the larger CSiii
particles were employed. Figure 8.11 shows that the fatigue threshold is at 261±17 J/m2,
and the slope of the linear region was 5.4±0.2. Since the main difference between the
10CSi and 10CSiii epoxies was the diameter of the CSR particles, the size of the rubbery
particles appear to be a factor under cyclic-fatigue loading. Sohn Lee [30] employed
small (∼60 nm in diameter) and large (∼250 nm in diameter) CSR particles, and also
reported that the larger CSR particles were more beneficial under cyclic-fatigue loading
(see Section 2.7.2).
In general, the addition of CSR particles was able to increase the GIc values signifi-
cantly, but was not effective under cyclic-fatigue loading.
8.7 Toughening Mechanisms
The quasi-static and cyclic-fatigue fracture surfaces of the CSR-modified epoxy poly-
mers are examined to investigate the toughening mechanisms.
5CSi epoxy polymer
Figure 8.12 presents the quasi-static fracture surfaces of the 5CSi epoxy. The crack
propagated from left to right, and spherical voids created by the cavitation of the
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rubbery core and subsequent void growth process are easily observed. The average
diameter of these voids was 41±11 nm, which was 17% larger than the original diameter
obtained using FEGSEM. The interfaces between the rigid PMMA shell and the epoxy
polymer were examined for any signs of debonding, but none were found. This was
to be expected, because the shells were functionalised to promote a strong bond with
the epoxy. Figure 8.12(b) presents a region where the fumed silica aggregates were
concentrated locally, which shows that the nano-cavities that were easily observed at
the fumed silica aggregates on the fracture surfaces of the unmodified epoxy were not
as easily observed.
Fumed silica
aggregates
ili
1 µmCrack directioni i
Cavitated
CSR particle
i
i l
(a) Well dispersed CSR region.
Fumed silica
aggregates
ili
1 µmCrack directioni i
Cavitated
CSR particle
i
i l
(b) Fumed silica-rich region.
Figure 8.12: Quasi-static fracture surfaces of the 5CSi epoxy polymer.
The fatigue fracture surfaces at the initiation and propagation regions were similar to
the quasi-static fracture surfaces as expected, and will not be discussed further. Figure
8.13 presents the fatigue fracture surface of the 5CSi epoxy at the threshold, where
the fatigue crack propagated from left to right and the dashed line indicates where this
fatigue crack has terminated. Signs of cavitation and plastic void growth mechanism
are not easily observed, and there are only a few CSR particles that have undergone
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Figure 8.13: Fatigue fracture surface of the 5CSi epoxy polymer at the threshold.
cavitation. Compared to Figure 8.12, the energy level at the fatigue threshold is
insufficient to induce cavitation of the rubbery particles. Guild et al. [72] showed
that the size of rubbery particles was a critical factor in inducing plastic void growth,
because the strain required for cavitation increases exponentially with the decreasing
diameter. Therefore, the local strain at the fatigue threshold was not able to induce
cavitation of the nano-sized particles. Azimi et al. [100] also showed that CTBN rubber
particles were able to undergo cavitation when the applied Gmax was close to GIc, but
not when the applied load was close to Gth.
10CSi epoxy polymer
As expected, many CSR particles that have undergone cavitation and plastic void
growth were observed on the quasi-static fracture surface of the 10CSi epoxy in Figure
8.14. The average void diameter was 44±14 nm, which was about 120% of the original
core diameter (i.e. 37±11 nm). Like the 5CSi epoxy, debonding of the CSR particles
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was not observed and the main toughening mechanism was cavitation of the rubbery
cores followed by plastic void growth of the surrounding epoxy polymer. It was unclear
if the nano-voids associated with the fumed silica aggregates were induced by the CSi
particles or by debonding of the fumed silica from the epoxy.
1 µmCrack direction
Fumed silica
aggregates
ili
Cavitated
CSR particle
i
i l
Figure 8.14: Quasi-static fracture surface of the 10CSi epoxy polymer.
Figure 8.15 presents the fatigue fracture surface at the threshold. The features on
the Figure were identical to those of the 5CSi epoxy, and cavitated CSi particles
were scarce. Once again, the strain level at the fatigue threshold was insufficient to
induce cavitation. Additionally, it was shown in Section 5.4 that some of the nano-
cavities induced by the fumed silica were still observed at the fatigue threshold for the
unmodified epoxy. However, such cavities at the fumed silica were almost non-existent.
This possibly is the reason why the 10CSi epoxy exhibited a slightly decreased value
of Gth compared to the unmodified epoxy value.
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Figure 8.15: Fatigue fracture surface of the 10CSi epoxy polymer at the threshold.
10CSii epoxy polymer
Figure 8.16 presents the quasi-static fracture surface of the 10CSii epoxy. As expected,
cavitation of the rubbery cores followed by plastic void growth was the main toughening
mechanism, and debonding of the shell from the epoxy was not observed. The GIc value
of the 10CSii epoxy was about 130% of the 10CSi epoxy value, and the greater value
of εfc was the reason. In general, the cavities will be able to grow further when the
εfc is increased, and the average void diameter from Figure 8.16 was 52±11 nm, which
was larger than the 44±14 nm for the 10CSi epoxy. Over 200 particles were measured
for each modified epoxy, and the ‘P value’ was less than 0.0001 from the two sample
T-test, which indicates that the difference is significant.
Figure 8.17 presents the fracture surface at the fatigue threshold, which shows that
the majority of the CSii particles were not able to cavitate. Since the diameters of
the CSi and CSii particles were identical, the strain level at the fatigue threshold was
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Figure 8.16: Quasi-static fracture surface of the 10CSii epoxy polymer.
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Figure 8.17: Fatigue fracture surface of the 10CSii epoxy polymer at the threshold.
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insufficient as well. Even though the GIc value was increased significantly by the CSii
particles, the nano-sized CSR particles, in general, are found to be too small to induce
any significant toughening at the fatigue threshold.
10CSiii epoxy polymer
The rubbery cores of the larger CSiii particles also cavitated and induced subsequent
plastic void growth. The quasi-static fracture surface is presented in Figure 8.18, and
the average diameter of the voids was 147±37 nm. The morphological studies have
shown that the degree of dispersion of the CSiii particles was relatively poor compared
to that of the smaller CSi particles. This is indicated in Figure 8.18, which shows that
the cavities formed inside the CSR particles may come in contact with the neighbouring
cavities as they grow.
1 µm
Crack direction
Fumed silica
aggregates
ili
Cavitated
CSR particle
i
i l
CSRs in
contact
i
Figure 8.18: Quasi-static fracture surface of the 10CSiii epoxy polymer.
The CSi and CSiii particles were identical except for their sizes, and increasing the
diameter was found to be disadvantageous when considering their GIc values, and
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this agrees with previous work [23, 24, 70] (see Section 2.5). The weight content was
unchanged for the 10CSi and 10CSiii epoxies, and this means that there will be fewer
CSiii particles within a given size of plastic yield zone compared to when smaller CSi
particles are employed. Therefore, the overall energy absorbed by plastic void growth
of the cavities is less for the 10CSiii epoxy than for the 10CSi epoxy.
The fracture surface at the fatigue threshold is presented in Figure 8.19. The cavitated
CSiii particles were observed more easily compared to the previous CSR-modified
epoxies, and the average diameter was 112±35 nm. The percentage of the voids that
have a larger diameter than the unvoided core diameter was only about 25%. This sug-
gests that even though the CSR particles may cavitate, the cavities do not necessarily
undergo full plastic void growth. The cavitation of the rubbery cores does not absorb
a significant amount of energy, but the plastic void growth process that follows is the
essential energy absorbing process. Thus, the value of Gth was only slightly increased
for the 10CSiii epoxy.
For the quasi-static loading conditions, larger CSR particles were found to be disad-
vantageous. However, the fatigue threshold was increased when CSiii particles were
employed, which suggests that increasing the diameter is advantageous under cyclic-
fatigue loading. As already mentioned above, Guild et at. [72] showed that the amount
of strain required to cavitate rubbery particles decreased exponentially with increasing
particle diameter. Therefore, only the larger CSiii particles were able to cavitate at
the fatigue threshold, where the local level of strain was relatively small.
In general, the quasi-static fracture surfaces showed that the main toughening mecha-
nism induced by the presence of the CSR particles was the cavitation of the rubbery
cores and the subsequent plastic void growth of the surrounding epoxy polymer. How-
ever, the small strains at the fatigue threshold were unable to induce cavitation, and
thus, the energy-dissipating plastic void growth mechanism could not be operative
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for the small CSR particles. The next Section will describe the analytical modelling
of the Young’s moduli and quasi-static fracture energies of the CSR-modified epoxy
polymers.
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Figure 8.19: Fatigue fracture surface of the 10CSiii epoxy polymer at the threshold.
8.8 Analytical Modelling
Analytical models to predict the Young’s modulus and the quasi-static fracture energy
of the modified epoxy polymers containing the CSR particles are discussed in the
present Section.
8.8.1 Analytical Modelling of the Young’s Modulus
The Halpin-Tsai [189] and the Lewis-Nielsen [190] models are the two widely employed
analytical models to predict the Young’s modulus of the modified epoxy polymers. The
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Halpin-Tsai model allows the moduli of CSR-modified epoxy polymers to be predicted
by [189, 191]:
E =
1 + ξζVf
1− ζVf · Eu (8.1)
where Vf is the volume fraction of the particles and Eu is the Young’s modulus of the
unmodified epoxy polymer. ξ is the shape/geometry factor associated with the aspect
ratio of the particulate phase and is described by [191]:
ξ = 2
[
wp
tp
]
(8.2)
where wp and tp are the width and the thickness of the particles, respectively. The
Halpin-Tsai model was first proposed for fibre-reinforced composites [189], where the
orientation is critical, but for the spherical CSR particles, the aspect ratio is 1 and the
resulting value of ξ is 2. The parameter ζ is [191]:
ζ =
[
Ep
Eu
− 1
]/[
Ep
Eu
+ ξ
]
(8.3)
where Ep is the Young’s modulus of the particles.
The Lewis-Nielsen model states [190]:
E =
1 + (kE − 1)βVf
1− µβVf · Eu (8.4)
where kE is the generalised Einstein coefficient whose value depends on the degree of
the particle-matrix adhesion [68]. Nielsen and Landel [190] reported that kE is 2.167
if there is no slippage and 0.867 if there is slippage when the value of Poisson’s ratio,
ν, of the epoxy polymer is 0.35. Since debonding of the CSR particles from the epoxy
polymer was not observed in the previous Section, kE = 2.167 can be used. β and µ
are given by [192]:
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β =
[
Ep
Eu
− 1
]/[
Ep
Eu
+ (kE − 1)
]
(8.5)
µ = 1 +
(1− Vf )
Vmax
[VmaxVf + (1− Vmax)(1− Vf )] (8.6)
where Vmax is the maximum volume content of the particulate phase that can be incor-
porated in the epoxy polymer. Nielsen and Landel [190] compiled the values of Vmax
for various morphologies, and reported that for close-packed and non-agglomerated
spheres (i.e. the morphologies observed in the present study), the value of Vmax was
0.632. The modulus of the rubbery particle, Ep, was taken as 2 MPa following [14]. A
parametric study (1<Ep<200 MPa) was undertaken and it was found that the calcu-
lated values of E of the modified epoxy polymers were not too sensitive to the value of
Ep. The measured volume fractions of the CSR particles were used in the calculations,
and Figure 8.20 compares these results to the experimental results.
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Figure 8.20: Experimentally measured and analytically modelled values of Young’s modulus, E, of
modified epoxy polymers containing the CSR particles.
At 5 wt.% of CSR particles, the modulus predicted using the Halpin-Tsai model was
more close to the experimental value. At higher concentrations of CSR particles, the
Lewis-Nielsen (without slippage) model was more accurate in predicting the moduli.
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In general, the moduli of CSR-modified epoxy polymers can be predicted using both
models to a reasonable accuracy. Giannakopoulos et al. [43] also applied these models
to CSR-modified epoxy systems and showed a good agreement between the predictions
and experimental values. Furthermore, Hsieh et al. [68] used the two models to predict
the moduli of nanosilica-modified epoxy polymers and showed that the experimental
values can be quite accurately predicted.
8.8.2 Modelling Mode I Fracture Energy
An analytical model to predict the fracture energy values of modified epoxy polymers
containing a spherical particulate phase was proposed by Huang and Kinloch [14]. The
fracture energy of the modified epoxy polymer, Gc, can be obtained via [14]:
Gc = Gcu + Ψ (8.7)
where Gcu is the fracture energy of the unmodified epoxy polymer and Ψ is the overall
toughening contribution by the particulate toughener. The main toughening mech-
anism induced by the CSR particles was cavitation followed by void growth of the
epoxy polymer. Strain softening is known to be related closely to shear-band plastic
yielding [2, 5], but the CSR-modified epoxies did not exhibit any strain softening under
plane strain compression (see Figure 8.9). Additionally, the cross-sections of the plane
strain compressed specimens were examined using cross-polarised light transmission
microscopy and no clear shear-bands were observed for the CSR-modified epoxy poly-
mers. Therefore, such observations suggest that the modified epoxies do not undergo
shear-band plastic yielding, and the term Ψ can be expressed as:
Ψ = ∆Gv (8.8)
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where ∆Gv is the energy absorbed during the plastic void growth, and can be calculated
using:
∆Gv = (1− µ2m/3)(Vfv − Vf )σycmK2v · dym/2 (8.9)
where µm is a material constant allowing for the pressure sensitivity of the yield
stress [5, 58, 93]. Sultan and McGarry [12] have shown that µm was in the range
of 0.175∼0.225, and the average value of 0.2 was used following other studies [83, 84].
Kv is the von Mises stress concentration factor associated with voids, and Guild and
Young [147] have reported that the value of Kv was between 2.11 and 2.12 for the
volume fractions investigated in the present study. σycm is the true compressive yield
stress of the epoxy matrix, which was measured experimentally. The value of the plas-
tic yield zone diameter of the epoxy matrix, dym, was calculated using Equation 4.12
(see Table 8.6).
Vf is the volume fraction of the CSR particles and Vfv is the volume fraction of the voids
induced by the CSR particles measured from the microscopy images. Additionally, Vfv
can also be predicted by calculating the void diameter, dv, using the maximum hoop
strain that a shell void could form [43, 68, 84]:
dv = (1 + εfcm) · dp (8.10)
where εfcm is the true compressive failure strain of the epoxy matrix, and dp is the
diameter of the rubber particle. Hsieh et al. [68] and Giannakopoulos et al. [43] showed
that this prediction of the dv agreed well with the experimental results. In the present
study, this predicted value of the final void was a good representation of the maximum
measured void diameters, and thus the predicted values of dv were used.
It is likely that all the particles experience sufficient strain to cavitate, but one cannot
be certain of 100% cavitation, because the particles that do not cavitate would not
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be detected easily on the fracture surfaces. Furthermore, even though the particles
undergo cavitation, not all the cavities undergo the maximum extent of plastic void
growth. Therefore, the percentage of the CSR particles that have grown in size com-
pared to the diameter of the unfractured rubbery cores (see Table 8.2) was measured
from the fracture surfaces of each CSR-modified epoxy (see Section 4.7.3.3). The typi-
cal values of this percentage of CSR particles that contribute towards toughening of the
epoxy polymer via plastic void growth were measured to be in the range of 60∼80%,
and the average value of 70% was used for the modelling purposes.
In order to predict the GIc values of the modified epoxy polymers, the properties of
the unmodified epoxy need to be defined clearly. The unmodified epoxy in the present
study contains fumed silica, and it was shown in Section 5.3.2 that these fumed silica
aggregates toughen the epoxy to a certain degree. The GIc value of the unmodified
epoxy with fumed silica was 494 J/m2, which was greater than that when the fumed
silica was absent (i.e. 256 J/m2). Therefore, the properties of the unmodified epoxies
with and without the fumed silica were both used for the modelling the GIc values as
listed in Table 8.6.
Table 8.6: Properties of the parameters used for analytical modelling.
Property Symbol Value Unit
CSR particle diameter dp 50 or 170
a nm
Final void diameter dv (1 + εfcm) · dp nm
True compressive strain at failure εfcm 0.85
b or 0.75c mm/mm
True compressive yield stress σycm 117
b or 120c MPa
Pressure sensitivity constant µm 0.2 –
von Mises stress concentration factor Kv 2.11∼2.12 –
aOuter shell diameters: 50 nm for CSi and CSii; 170 nm for CSiii [38, 134, 135].
bFor modelling using the properties of the unmodified epoxy with fumed silica.
cFor modelling using the properties of the unmodified epoxy without fumed silica.
221
Chapter 8: Core-shell Rubber Particle Tougheners
The GIc values of the CSR-modified epoxy polymers were predicted and the results are
presented in Table 8.7.
Table 8.7: Experimentally measured and analytically modelled values of GIc of the modified epoxy
polymers containing the CSR particles.
Condition 5CSi 10CSi 10CSii 10CSiii
Experimental GIc 778±57 1940±180 2540±220 1510±300
Modelled with fumed silica 1660 2840 2840 2840
Modelled without fumed silica 900 1300 1300 1300
Predicted using dv = (1 + εfcm) · dp and 70% plastic void growth. All values in J/m2.
Firstly, the predicted GIc values using the material properties of the epoxy without any
fumed silica, which disregards any toughening by the fumed silica, will be discussed.
Considering the modified epoxies with 10 wt.% of CSR particles, the experimental
values are always greater than the predictions. This supports the findings that the
fumed silica particles provide additional toughening effects (see Section 5.3.2). For
the 5CSi epoxy, 5 wt.% of the CSR particles was insufficient to change the material
properties significantly and the modified epoxy remained relatively brittle. Thus, the
toughening via plastic void growth was significantly less.
Secondly, the GIc values were always over-predicted when the material properties of
the unmodified epoxy with fumed silica were used, i.e. when the toughening contribu-
tions by the fumed silica were taken into account. This indicates that there may be
some hindrance between the fumed silica and CSR particles, and also that not all the
cavitated particles experience the maximum amount of plastic void growth. In gen-
eral, however, the modelling studies show that the experimental data are within the
‘maximum’ and the ‘minimum’ possible values of GIc predicted by the model.
Additionally, the GIc values were predicted also assuming that 100% of the CSR par-
ticles cavitate and undergo plastic deformation for all the CSR-modified epoxies. As
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expected, the predictions were even greater than the values in Table 8.7, suggesting
that not all the CSR particles cavitate and undergo plastic void growth.
For the analytical modelling, the percentage of particles that have undergone plastic
void growth and the content of the CSR particles were crucial factors. The diameter
of the CSR particles, on the other hand, was insignificant (see Table 8.7). Since the dv
value was predicted using (1+εfcm) ·dp, the volumetric change of the spherical cavities
is calculated via:
Vfv − Vf = Np · 4
3
pi
[
d3v − d3p
23
]
= Np · 4
3
pi
[
(1 + εfcm)
3 · d3p − d3p
23
]
(8.11)
where Np is the number of CSR particles in the epoxy, and is estimated by:
Np = Vf ·
[
4
3
pi ·
(
dp
2
)3]−1
(8.12)
and the term dp in Equation 8.11 cancels out. This means that the volumetric change
of the cavities is only dependent on the two terms, εfcm and Vf . Giannakopoulos et
al. [43] also showed that the ∆Gv value is independent of the particle size. From the
analytical modelling of the quasi-static fracture energy, it can be concluded that (i) the
presence of the fumed silica particles toughen the epoxy polymer, as already discussed
in Section 5.3.2; and that (ii) the measured values of GIc can be predicted within a
range.
8.9 Concluding Remarks
The core-shell rubber particles formed a well dispersed rubbery phase and the Tg value
of the epoxy polymer was unchanged. Due to such a rubbery phase, the Young’s mod-
ulus and the true tensile yield stress were both decreased for all the CSR-modified
epoxies. The main toughening mechanism induced was cavitation of the rubbery cores
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followed by plastic void growth of the surrounding epoxy. Increasing the content and
decreasing the diameter of the CSR particles were found to be beneficial for increas-
ing the quasi-static fracture energy. Additionally, the CSR-modified epoxy with the
greatest value of true compressive failure strain exhibited the highest GIc value, which
was because the cavities were able to grow further and absorbed more energy. At the
fatigue threshold, the strain levels were insufficient to cavitate the small (100 nm nom-
inal diameter) particles and thus, no toughening was observed. However, increasing
the diameter of the CSR particles (200 nm nominal diameter) enabled more cavitation
and hence, induced plastic void growth at the fatigue threshold.
The Halpin-Tsai [191] and Lewis-Nielsen [192] models were able to predict quite ac-
curately the Young’s moduli of the CSR-modified epoxies. The quasi-static fracture
energy was also predicted by the Huang and Kinloch model [14], and the experimen-
tally measured values were within the maximum and the minimum calculated values
of GIc. Table 8.8 and Figure 8.21 summarise the important properties.
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Figure 8.21: Quasi-static and fatigue fracture properties of the modified epoxy polymers containing
the CSR particles.
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Chapter 9
Hybrid tougheners:
poly(propylene glycol) and
core-shell rubber particles
9.1 Introduction
The two poly(propylene glycol) tougheners, PPGm and PPG, were used in combina-
tion with core-shell rubber (CSR) particles, CSi and CSii, to formulate a group of
hybrid toughened epoxy polymers as listed in Table 9.1. The influence of the toughen-
ers on the properties of the epoxy is discussed in the present Chapter.
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Table 9.1: Hybrid toughened epoxy polymers, containing combinations of the PPGm, PPG, CSi
and CSii tougheners.
# Name wt.% Toughener 1 wt.% Toughener 2
18 5PPGm5CSi 5 PPGm and 5 CSi
19 10PPGm10CSi 10 PPGm and 10 CSi
20 4PPG10CSii 4 PPG and 10 CSii
21 10PPG10CSii 10 PPG and 10 CSii
22 5PPGm10CSii 5 PPGm and 10 CSii
23 10PPGm10CSii 10 PPGm and 10 CSii
PPGm – Chain-extended and epoxy-terminated poly(propylene glycol)-masterbatch.
PPG – Epoxy-terminated poly(propylene glycol).
CSi – CSR toughener, polybutadiene-core/PMMA-shell. Nominal diameter 100 nm.
CSii – CSR toughener, styrene-butadiene-core/PMMA-shell. Nominal diameter 100 nm.
9.2 Glass Transition Temperatures
Sections 5.2 and 8.2 described the influence of the single tougheners on the glass tran-
sition properties, and the present Section describes the DMTA results of the hybrid
toughened epoxy polymers.
5PPGm5CSi epoxy polymer
Figure 9.1(a) presents the DMTA results of the 5PPGm5CSi epoxy, which resemble
the results of the 5PPGm epoxy (see Section 6.2). The Tg of the hybrid epoxy was
125±3◦C and the Tβ was −68 ± 1◦C, and these values were identical to those of the
5PPGm epoxy, where 15% of the PPGm phase separated. These properties were not
influenced by the addition of the CSR particles as previously seen in Section 8.2. Due
to the small amount of the CSR particles, the presence of the polybutadiene-cores and
the PMMA-shells were not indicated in the DMTA results.
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10PPGm10CSi epoxy polymer
The glass transition of the 10PPGm10CSi epoxy in Figure 9.1(b) was governed by
the addition of the PPGm toughener and the Tg was decreased to 116±1◦C. This Tg
was identical to that of the 10PPGm epoxy, which also shows that the CSR particles
have no significant effect on the Tg value. The position of the β transition peak was
unchanged from that of the unmodified epoxy, and the general characteristics were
very similar to that of the 10PPGm epoxy in Section 6.2.
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Figure 9.1: DMTA results of the 5PPGm5CSi and 10PPGm10CSi epoxies.
4PPG10CSii epoxy polymer
In Figure 9.2(a), the Tg of the 4PPG10CSii epoxy polymer is 133±1◦C, which is iden-
tical to that of the unmodified epoxy polymer (i.e. 132◦C). This is as expected, since
it was shown that up to 10 wt.% of the PPG toughener only had a small influence
on the Tg of the epoxy (Section 6.2), and therefore 4 wt.% of the PPG toughener is
expected to be less significant. The presence of the CSii particles was not influential
on the Tg characteristics like the previous two hybrid toughener epoxy polymers.
10PPG10CSii epoxy polymer
Like all the hybrid toughened epoxies so far, the Tg of the 10PPG10CSii epoxy was
governed by the PPG toughener and the core-shell rubber particles had no significant
influence. The Tg was 126±2◦C and this was the same as the 10PPG epoxy, where 88%
of the PPG phase separated. There is a plateau in the sub-zero temperature region
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in Figure 9.2(b) that indicates the possible presence of the PPG phase, as already
observed from the 10PPG epoxy in Section 6.2.
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Figure 9.2: DMTA results of the 4PPG10CSii and 10PPG10CSii epoxies.
5PPGm10CSii epoxy polymer
The Tg of the 5PPGm10CSii epoxy was 125±2◦C, which was identical to that of the
5PPGm and 5PPGm5CSi epoxy polymers. The main peak in Figure 9.3(a) confirms
that the Tg of the modified epoxy polymers is governed by the addition of the PPGm
toughener and not by the CSR particles. The secondary peak was at −64±2◦C, which
is slightly higher than that of the unmodified epoxy polymer (i.e. −68 ± 2◦C). This
may be due to the presence of the styrene-butadiene-core, which has a Tg of about
−65∼−50◦C [119].
10PPGm10CSii epoxy polymer
The Tg of the 10PPGm10CSii epoxy in Figure 9.3(b) is at 116±2◦C, which is indeed
identical to those of the 10PPGm and 10PPGm10CSi epoxies. The β peak was shifted
to −61± 2◦C, possibly due to the superimposition of the Tβ of the epoxy polymer and
the Tg of the styrene-butadiene-core.
Since the preformed CSR particles remain a separate phase from the epoxy, the glass
transition of the epoxy was not influenced by the CSR particles. The Tg values of the
hybrid epoxy polymers were determined by the PPG or PPGm toughener, and were
identical to the Tg values of the single-toughener modified epoxies.
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Figure 9.3: DMTA results of the 5PPGm10CSii and 10PPGm10CSii epoxies.
9.3 Morphologies
The morphologies of the modified epoxy polymers containing a single toughener (i.e.
PPG, PPGm, CSi and CSii) were discussed in Sections 6.3 and 8.3. The present
Section will investigate the morphological results of the hybrid epoxy polymers.
5PPGm5CSi epoxy polymer
Figure 9.4 shows the morphology the 5PPGm5CSi epoxy polymer, where a multi-phase
epoxy is presented. Firstly, the CSi particles formed agglomerates, which was different
to the well dispersed CSi particles in the 5CSi epoxy. The agglomerates were typically
up to about 1 µm in diameter, and the average diameter of the individual CSR particles
was 50±13 nm, which is comparable to the 48±15 nm measured for the 5CSi epoxy.
Secondly, PPGm particles are observed in Figure 9.4(c) that range up to about 40 nm
in length, and this agrees with the morphology of the 5PPGm epoxy.
10PPGm10CSi epoxy polymer
The morphology of the 10PPGm10CSi epoxy is presented in Figure 9.5. The CSi
particles were again agglomerated and the average individual particle diameter was
44±11 nm, which is in good agreement with the 45±14 nm measured for the 10CSi
epoxy. As for the 10PPGm epoxy, the PPGm nano-phase ranged up to about 70 nm in
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length. Since agglomeration of the CSR particles was not observed for the CSR-only-
modified epoxies, the presence of an additional PPGm phase appears to have caused
agglomeration of the CSR particles.
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Figure 9.4: Atomic force microscope images of the 5PPGm5CSi epoxy.
1 μmCutting direction
(a) Height.
1 μm
Agglomerates of
CSR particles
Nano-phase of PPG
dispersed in epoxy
(b) Phase.
0.5 μm
Agglomerate of
CSR particles
Nano-phase of PPG
dispersed in epoxy
Aggregates of
fumed silica
(c) Phase.
Figure 9.5: Atomic force microscope images of the 10PPGm10CSi epoxy.
4PPG10CSii epoxy polymer
Unlike the two previous hybrid epoxy polymers, the CSR particles were well dispersed
in the 4PPG10CSii epoxy, as shown in Figure 9.6. The average diameter of the CSii
particles was 53±10 nm, which agrees well with the average diameter from the 10CSii
epoxy (i.e. 51±17 nm). These particles were not agglomerated even though a secondary
PPG nano-phase co-existed. This phase of PPG was mostly dot-like and ranged up
to about 50 nm in size, as was previously observed for the 10PPG epoxy.
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Figure 9.6: Atomic force microscope images of the 4PPG10CSii epoxy.
10PPG10CSii epoxy polymer
The morphology of the 10PPG10CSii epoxy presented in Figure 9.7 shows the agglom-
erates of the CSR particles. This was unlike the relatively well dispersed CSii particles
in the 4PPG10CSii epoxy. The agglomerates typically ranged up to about 3 µm in
diameter, and the average diameter of the individual particles was 52±13 nm. The max-
imum length of the worm-like PPG particles shown in Figure 9.7(c) is about 100 nm.
The variation in the degrees of dispersion of the CSii particles in the 4PPG10CSii
and 10PPG10CSii epoxies must be caused by the extra 6 wt.% of the PPG, since
the only difference between the two hybrid epoxies was the weight percentage of this
toughener.
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Figure 9.7: Atomic force microscope images of the 10PPG10CSii epoxy.
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5PPGm10CSii epoxy polymer
The morphology of the 5PPGm10CSii epoxy in Figure 9.8 resembles the morphology
of the 5PPGm5CSi epoxy. The PPGm nano-particles up to about 60 nm in length are
observed in Figure 9.8(c), but most of the particles were typically shorter and were dot-
like. The CSii particles were agglomerated, as for most of the hybrid epoxy polymers,
and the average diameter of the individual CSR particles was 51±11 nm.
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Figure 9.8: Atomic force microscope images of the 5PPGm10CSii epoxy.
10PPGm10CSii epoxy polymer
Figure 9.9 presents the morphology of the 10PPGm10CSii epoxy, where the CSii
particles are agglomerated. The agglomerates were up to about 2 µm in diameter and
the average diameter of the individual particles was 52±12 nm. These dimensions are
similar to those for the 10PPG10CSii epoxy. The PPGm toughener partially phase
separated to form a well dispersed nano-phase of up to about 70 nm in length.
To briefly summarise, the PPGm and PPG tougheners both partially phase separated
and formed a secondary phase of nano-particles in the hybrid epoxy polymers. The
CSR particles formed agglomerates regardless of their type, except for the 4PPG10CSii
epoxy polymer, where the CSR particles were relatively well dispersed. The small
amount (4 wt.%) of the PPG particles in the epoxy was not sufficient to agglomerate
the CSR particles. However, when 5 wt.% or more of either the PPGm or PPG
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toughener was added, agglomerates of the CSR particles were observed. Table 9.2
summarises the Tg values and the morphologies.
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Figure 9.9: Atomic force microscope images of the 10PPGm10CSii epoxy.
Table 9.2: Summary of glass transition temperatures, Tg, and morphologies of the hybrid epoxy
polymers.
# Name Tg [
◦C] Core ø [nm] Morphology
1 Unmodified 132 N/A Fumed silica aggregates randomly dis-
persed. Diameter of primary particle
was 30 nm. Some micrometre-sized
spherical agglomerates of fumed silica.
Occasional air bubbles..
18 5PPGm5CSi 125 50 ± 13 Nano-phase of PPGm dispersed. Ag-
glomerated CSR particles.
19 10PPGm10CSi 116 44 ± 11 As above, but more and clearer phase
of PPGm.
20 4PPG10CSii 133 53 ± 10 CSR particles relatively well dispersed.
PPG nano-particles dispersed.
21 10PPG10CSii 126 52 ± 13 PPG nano-particles dispersed. Ag-
glomerated CSR particles.
22 5PPGm10CSii 125 51 ± 11 PPGm nano-particles dispersed. Ag-
glomerated CSR particles.
23 10PPGm10CSii 116 52 ± 12 As above, but more PPGm particles.
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9.4 Tensile and Compressive Mechanical
Properties
The present Section describes the tensile and compressive properties of the hybrid
epoxy polymers, and Table 9.3 and Figure 9.10 present the results.
Table 9.3: Young’s modulus, E, true tensile yield stress, σy, true compressive strain at fracture, εfc,
and occurrence of strain softening.
# Name
E σy εfc Strain
[GPa] [MPa] [mm/mm] softening?
1 Unmodified 3.53 ± 0.09 93 ± 8 0.85 No
18 5PPGm5CSi 2.81 ± 0.10 79 ± 0 0.91 No
19 10PPGm10CSi 2.56 ± 0.11 76 ± 4 1.02 No
20 4PPG10CSii 2.39 ± 0.04 60 ± 0 0.96 No
21 10PPG10CSii 1.87 ± 0.03 52 ± 1 1.05 No
22 5PPGm10CSii 2.36 ± 0.09 63 ± 4 1.01 No
23 10PPGm10CSii 2.55 ± 0.05 58 ± 0 1.14 No
5PPGm5CSi epoxy polymer
The Young’s modulus of the 5PPGm5CSi epoxy decreased to 2.81±0.10 GPa from
3.27±0.07 GPa for the 5CSi epoxy, due to the presence of the additional rubbery
PPGm phase. The true yield strength was decreased to 79±0 MPa from 93±8 MPa
of the unmodified epoxy. This value was slightly lower than the 83±0 MPa for the
5CSi epoxy, since there was an additional rubbery PPGm nano-phase. The true
compressive stress-strain curve of the 5PPGm5CSi epoxy in Figure 9.11(a) reveals
that the yield point has shifted downwards but no strain softening was observed. The
true compressive strain at failure, εfc, was slightly increased to 0.91 mm/mm from
0.85 mm/mm for the unmodified epoxy.
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10PPGm10CSi epoxy polymer
The modulus of the 10PPGm10CSi epoxy was decreased to 2.56±0.11 GPa, which was
similar to that of the 10CSi epoxy. This is expected as it was shown in Section 6.4 that
the PPGm toughener did not have a significant influence on the Young’s modulus, and
thus the E value was dominated by the addition of the CSR particles. The σy value was
decreased to 76±4 MPa due to the nano-particles of the PPGm and CSi particles that
act as stress concentrations. The true compressive strain-stress properties in Figure
9.11(a) show no strain softening of the hybrid epoxy and the true compressive failure
strain increased to 1.02 mm/mm.
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Figure 9.10: Young’s modulus, E, and true tensile yield strength, σy, of the hybrid epoxy polymers.
4PPG10CSii epoxy polymer
In Section 6.4, it was shown that the 10 wt.% of the PPG toughener was significantly
influential on the modulus of the epoxy, because the majority of the rubbery toughener
(pure PPG: Tg = −45◦C) phase separated based on the DMTA results. Therefore, the
modulus of the 4PPG10CSii epoxy was decreased further to 2.39±0.04 GPa from the
2.61±0.06 GPa for the 10CSii epoxy. The σy value decreased slightly to 60±0 MPa,
from 68±1 MPa for the 10CSii epoxy due to the additional rubbery phase of the PPG
toughener. Figure 9.11(b) shows that the true compressive stress-strain curve of the
4PPG10CSii epoxy is shifted significantly downwards. No strain softening of the hybrid
epoxy was observed and the εfc value increased to 0.96 mm/mm.
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10PPG10CSii epoxy polymer
The modulus of the 10PPG10CSii epoxy decreased significantly to 1.87±0.03 GPa,
which is as expected considering that 10 wt.% of either the PPG and CSii toughener
decreased the modulus by about 30% compared to the unmodified epoxy value. The
true tensile yield stress was measured at 52±1 MPa, which is less than 60% of the
unmodified epoxy value due to the significant amount of the nano-particles of the PPG
and CSii tougheners. Figure 9.11(b) presents the plane strain compressive test results
that clearly show the significantly lower yield point and no strain softening.
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Figure 9.11: True compressive stress-strain curve of the hybrid epoxy polymers.
5PPGm10CSii epoxy polymer
The Young’s modulus was decreased to 2.36±0.09 GPa for the 5PPGm10CSii epoxy,
which was slightly less than the modulus of the 10CSii epoxy due to the presence of the
additional rubbery PPGm phase. Similarly, the true yield strength was also decreased
slightly to 63±4 MPa, compared to the 10CSii epoxy value. As for all the hybrid
toughened epoxy polymers, no strain softening was observed in Figure 9.11(b), and the
εfc value was increased to 1.01 mm/mm.
10PPGm10CSii epoxy polymer
The modulus of the 10PPGm10CSii epoxy was 2.55±0.05 GPa, which was significantly
greater than the modulus of the 10PPG10CSii epoxy. Since the only difference in the
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two epoxies was the type of the polymer-based toughener, this shows that the PPG
toughener is more rubbery than the PPGm toughener. Such properties were already
observed for the 10PPGm and 10PPG epoxies in Section 6.4, and the reason was be-
cause the PPGm toughener has a higher value of molecular weight, Mw, which means
that the Tg value (and thus the modulus) is greater than the PPG toughener [5]. Ad-
ditionally, the portion of the toughener that phase separated from the epoxy was found
to be greater for the PPG toughener based on the DMTA results. The 10PPGm10CSii
epoxy also exhibited a decreased σy value of 58±0 MPa and an increased εfc value of
1.14 mm/mm.
9.5 Quasi-static Fracture Properties
The quasi-static fracture properties of the hybrid epoxy polymers were measured and
the results are presented in Table 9.4 and Figure 9.12.
Table 9.4: True tensile yield stress, σy, mode I fracture toughness, KIc, mode I fracture energy, GIc
and plastic zone diameter, dy.
# Name
σy KIc GIc dy
[MPa] [MPa·m0.5] [J/m2] [µm]
1 Unmodified 93 ± 8 1.41 ± 0.12 494 ± 81 24 ± 4
18 5PPGm5CSi 79 ± 0 2.51 ± 0.18 1970 ± 285 106 ± 8
19 10PPGm10CSi 76 ± 4 2.87 ± 0.15 2830 ± 285 151 ± 15
20 4PPG10CSii 60 ± 0 1.97 ± 0.14 1430 ± 199 112 ± 8
21 10PPG10CSii 52 ± 1 1.98 ± 0.07 1840 ± 139 156 ± 10
22 5PPGm10CSii 63 ± 4 2.02 ± 0.18 1530 ± 262 109 ± 8
23 10PPGm10CSii 58 ± 0 2.30 ± 0.16 1820 ± 262 168 ± 12
5PPGm5CSi epoxy polymer
The mode I fracture energy increased to 1970±285 J/m2 from 494±81 J/m2 for the un-
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modified epoxy. This 300% increase was significantly more than the GIc values observed
for the 5PPGm and 5CSi epoxies, which were 479±31 and 778±57 J/m2, respectively.
The identical amount of CSi particles were present in the 5CSi and 5PPGm5CSi
epoxies, but the additional PPGm phase was able to increase the true compressive
failure strain for the hybrid epoxy. This means that the cavities formed inside the CSi
particles were able to undergo a greater level of elongation before fracture, compared
to the 5CSi epoxy. Additionally, the calculated plastic yield zone diameter for the
5PPGm5CSi epoxy was 106±8 µm, which was significantly larger than that measured
for the 5PPGm and 5CSi epoxies. The toughening mechanisms will be discussed later
in Section 9.7.
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Figure 9.12: Mode I fracture toughness, KIc, and fracture energy, GIc, of hybrid epoxy polymers.
10PPGm10CSi epoxy polymer
In Section 6.5, the 10 wt.% of the PPGm toughener in the epoxy only moderately
increased the GIc value, but created synergy when combined with the 10 wt.% of the
CSi particles. The GIc value of the 10CSi epoxy was only 1940±180 J/m2, but the
fracture energy was increased further to 2830±285 J/m2 for the 10PPGm10CSi epoxy.
The εfc value was increased by the presence of the rubbery PPGm and CSi particles
that enabled the cavities formed in the CSi particles to grow more, compared to the
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10CSi epoxy. Additional toughening mechanisms induced by the PPGm toughener
will be discussed later.
4PPG10CSii epoxy polymer
The GIc value measured for the 10CSii epoxy was 2540±220 J/m2 (see Section 8.5),
but the GIc value was decreased to 1430±199 J/m2 when an additional 4 wt.% of the
PPG toughener was present, i.e. the 4PPG10CSii epoxy. It was shown previously
that the CSii particles in the hybrid toughened epoxy were well dispersed as for the
10CSii epoxy, and this means that the difference in the GIc values was not caused
by the degree of dispersion of the CSii particles. The εfc values of the two modified
epoxies were also identical, but the σy value was decreased for the hybrid epoxy due
to the additional phase of the PPG toughener. The effect of such properties will be
investigated later.
10PPG10CSii epoxy polymer
No synergy was observed when 10 wt.% of the PPG and CSii tougheners were com-
bined. The GIc value for the 10PPG10CSii epoxy was 1840±139 J/m2, which was
significantly lower than that of the 10CSii epoxy value. For the hybrid epoxy, the
CSii particles formed agglomerates in the epoxy in addition to the presence of the
PPG phase. The morphology, as well as the significantly lower yield stress may have
affected the quasi-static fracture properties.
5PPGm10CSii epoxy polymer
The GIc value of the 5PPGm10CSii epoxy was 1530±262 J/m2, which was significantly
less than the 10CSii epoxy value. The addition of the polymer-based toughener was
disadvantageous, and similar observations were made for the hybrid epoxies containing
the CSii particles. It is unclear why such relatively poor mode I fracture properties
were observed, but agglomeration of the CSR particles and the additional PPGm phase
may be the reasons. The calculated plastic yield zone diameter was 109±8 µm.
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10PPGm10CSii epoxy polymer
The GIc value was 1820±262 J/m2 for the 10PPGm10CSii epoxy, and the calculated
plastic yield zone diameter was 168±13 µm. The εfc value was increased for the hybrid
epoxy, but the GIc value was decreased compared to the 10CSii values. This may be
due to the significantly decreased value of σy, which was 58±0 MPa. Comparing the
10PPGm10CSi, 10PPG10CSii and 10PPGm10CSii epoxies, the CSR particles were ag-
glomerated in all three epoxies, but synergy was only observed for the 10PPGm10CSi.
Since the morphologies were very similar, it would appear that there are other reasons,
such as the σy and εfc properties. This will be investigated further in Section 9.7.
As a brief summary, the CSi particles exhibited synergy when combined with the
PPGm tougheners. Contrastingly, the GIc properties of the hybrid epoxy polymers
containing the CSii particles were inferior when either the PPGm or the PPG tough-
ener was added. Since the morphologies of the hybrid epoxy polymers were similar, the
main difference was their values of σy. This will be discussed further in the ‘Toughening
Mechanisms’ Section.
9.6 Cyclic-fatigue Properties
The influence of the combinations of two tougheners on the cyclic-fatigue properties
of the epoxy is described in the present Section. The cyclic-fatigue test results are
presented in Table 9.5, and in Figures 9.13 and 9.14.
5PPGm5CSi epoxy polymer
The cyclic-fatigue properties of the 5PPGm5CSi epoxy polymer was improved com-
pared to both 5PPGm and 5CSi epoxies. The respective Gth values for the 5PPGm and
5CSi epoxies were 141±8 and 134±8 J/m2, while the Gth value for the 5PPGm5CSi
epoxy was increased to 287±22 J/m2. Morphologically speaking, the CSi particles
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Table 9.5: Quasi-static fracture energy, GIc, fatigue threshold fracture energy, Gth, ratio Gth/GIc
and the Paris Law parameter, m.
# Name
GIc Gth Gth/GIc m
[J/m2] [J/m2]
1 Unmodified 494 ± 81 153 ± 10 0.31 9.2 ± 0.8
18 5PPGm5CSi 1970 ± 285 287 ± 22 0.15 6.7 ± 0.3
19 10PPGm10CSi 2830 ± 285 327 ± 27 0.12 7.0 ± 0.4
20 4PPG10CSii 1430 ± 199 198 ± 11 0.14 6.3 ± 0.6
21 10PPG10CSii 1840 ± 139 319 ± 18 0.17 5.1 ± 0.2
22 5PPGm10CSii 1530 ± 262 324 ± 25 0.21 5.9 ± 0.2
23 10PPGm10CSii 1820 ± 262 299 ± 18 0.16 5.6 ± 0.3
were well dispersed in the 5CSi epoxy, while the particles formed agglomerates in the
hybrid epoxy. Such a difference in the morphology may be the reason for such an
increased value of Gth. The Paris Law parameter, m, also decreased to 6.7±0.3 from
9.2±0.8 of the unmodified epoxy. This was similar to those for the CSR modified
epoxies, suggesting that the toughening mechanisms are more active at a higher level
of input energy, i.e. closer to the quasi-static fracture energy.
10PPGm10CSi epoxy polymer
The 10PPGm10CSi epoxy polymer exhibited a relatively high level of GIc and the
fatigue threshold also increased significantly. The value of Gth measured for the
10PPGm10CSi epoxy was 327±27 J/m2, which was more than 200% of the values
for the unmodified, 10PPGm and 10CSi epoxies. The well dispersed rubbery nano-
particles of PPGm and CSi in the 10PPGm and 10CSi epoxies, respectively, were
found to be insignificant at the fatigue threshold. However, the combination of the two
phases resulted in a different morphology – agglomerates of CSi particles – that may
be the reason for such a positive change. The gradient of the linear fatigue propagation
region, m, was decreased 7.0±0.4 due to the rubbery nano-particles.
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Figure 9.13: Fatigue crack growth rate vs. maximum applied fracture energy in a cycle for the hybrid
epoxy polymers containing the CSi particles.
4PPG10CSii epoxy polymer
The fatigue threshold for the 4PPG10CSii epoxy was at 198±11 J/m2, which was
considerably lower than the Gth values of any other hybrid epoxy polymers studied
(see Table 9.5). It was interesting to observe that the Gth value of this hybrid epoxy
was identical to that of the 10CSii epoxy polymer, which may be explained by the fact
that both modified epoxies contained well dispersed CSii particles. Contrastingly, the
Gth values were increased significantly for the other hybrid epoxies, where the CSR
particles formed agglomerates. This suggests that the degree of dispersion of the CSR
particles is a critical factor at the fatigue threshold. The gradient of the linear fatigue
propagation region was decreased to 6.3±0.6 from 9.2±0.8 for the unmodified epoxy
polymer.
10PPG10CSii epoxy polymer
Even though the quasi-static fracture energy of the 10PPG10CSii epoxy was lower
than the 10CSii epoxy value, the cyclic-fatigue properties were the contrary. The
fatigue threshold was at 319±18 J/m2 for the hybrid epoxy, which is about a twofold
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increase compared to the unmodified epoxy value. This was also a significant increase
compared to the Gth values of the 10PPG and 10CSii epoxies. The addition of the
PPG toughener caused the CSii particles to form agglomerates and this change in
the morphology is a possible reason. The Paris Law parameter, m, was decreased
significantly to 5.1±0.2. It is interesting to observe that the fatigue threshold energy
was improved significantly, while the effect on the GIc value was not as influential.
This will be discussed further in the next Section, but the significantly decreased value
of σy (i.e. 52±1 MPa) is a possible reason.
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Figure 9.14: Fatigue crack growth rate vs. maximum applied fracture energy in a cycle for the hybrid
epoxy polymers containing the CSii particles.
5PPGm10CSii epoxy polymer
The quasi-static properties of the 5PPGm10CSii and 4PPG10CSii epoxies were very
similar, but the cyclic-fatigue properties were different. The fatigue threshold fracture
energy of the 5PPGm10CSii epoxy was 324±25 J/m2, which was about 65% greater
than the 10CSii and 4PPG10CSii epoxy values, and the value of m was 5.9±0.2. The
major difference between the two hybrid epoxies was their morphology. The CSR
particles formed agglomerates in the 5PPGm10CSii epoxy, while the CSRs were well
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dispersed in the 4PPG10CSii epoxy. Therefore, the degree of dispersion must play an
important role under cyclic-fatigue loading, as will be investigated further in the next
Section.
10PPGm10CSii epoxy polymer
The combination of the PPGm and CSii tougheners did not exhibit synergy un-
der quasi-static loading, but the cyclic-fatigue properties were improved significantly
compared to the modified epoxies containing a single toughener. The Paris Law pa-
rameter was decreased to 5.6±0.3 and the Gth value was increased about twofold to
299±18 J/m2 compared to the unmodified epoxy value. This Gth value was also a
significant increase compared to the values for the 10PPGm and 10CSii epoxies. As
for the other hybrid epoxies with agglomerated CSR particles, the agglomeration of
the CSii particles and the significantly decreased value of σy are the possible reasons
for such an improvement under cyclic-fatigue loading.
As a brief summary, the fatigue threshold fracture energy of the hybrid epoxy poly-
mers was increased significantly when the CSR particles formed agglomerates. The
4PPG10CSii epoxy, which was the only hybrid epoxy with well dispersed CSR par-
ticles, exhibited the same level of Gth compared to the 10CSii epoxy. The gradient
of the linear fatigue propagation region of all the hybrid epoxies was also decreased
significantly due to the rubbery nano-particles. The next Section will examine the
quasi-static and cyclic-fatigue fracture surfaces, in order to identify the toughening
mechanisms.
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9.7 Toughening Mechanisms
The previous two Sections presented the quasi-static and the cyclic-fatigue fracture
properties of the hybrid epoxy polymers. The toughening mechanisms under the two
types of loading conditions will be investigated in the present Section.
5PPGm5CSi epoxy polymer
The quasi-static fracture surface in Figure 9.15 shows the agglomerated CSR particles
that have undergone cavitation and plastic void growth. The average diameter of these
voids was 44±14 nm, which is about 125% of the original CSR diameter measured using
FEGSEM (i.e. 35±8 nm). The high number of particles that were analysed (i.e. >200
particles) means that one may be 99% confident that the two values are indeed different
based on the Student’s T-test. The quasi-static fracture surface shows that the CSR
particles undergo cavitation and induce plastic void growth even when agglomerated.
The agglomerates were typically about 1 µm in diameter, which is significantly smaller
than the plastic yield zone, and therefore, the rubbery CSR agglomerates were able
experience sufficient tri-axial stress for cavitation. As for the 5PPGm epoxy, the PPGm
toughener formed a well dispersed nano-phase in the hybrid epoxy. These PPGm
nano-particles decreased the σy value slightly, and increased the εfc value by about
10% compared to the 5CSi values. Therefore, the cavities in the hybrid epoxy polymer
were able to undergo a greater amount of plastic deformation, which is reflected in the
GIc values.
It was shown in the previous Section that the Gth value of the 5PPGm5CSi epoxy was
increased significantly when compared to the 5PPGm and 5CSi epoxies. Figure 9.16
presents the fatigue fracture surface of the 5PPGm5CSi epoxy at the threshold, which
shows some differences compared to those of the single toughener-modified epoxies. In
Section 6.7, the fatigue fracture surface of the 5PPGm epoxy at the threshold was iden-
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Nano-phase of PPG
dispersed in epoxy
Agglomerates of
CSR particles
Crack 
direction
Figure 9.15: Quasi-static fracture surface of the 5PPGm5CSi epoxy
tical to the unmodified epoxy. In Section 8.7, cavities were very rarely observed from
the fatigue fracture surface of the 5CSi epoxy, because the strain level was insufficient
to cavitate the nano-particles. However, many cavities induced by the CSi particles
are observed on the fracture surface of the 5PPGm5CSi epoxy at the fatigue threshold,
in Figure 9.16. The differences in the degree of dispersion of the CSR particles would
seem to be responsible for such a fracture surface. Guild et at. [72] showed that the
amount of strain required to cavitate rubbery particles increases exponentially with
decreasing diameter of the particles. For the 5CSi epoxy polymer, the strain level at
the fatigue threshold was insufficient to cavitate the well dispersed CSi nano-particles.
However, the agglomerated CSi particles in the 5PPGm5CSi epoxy formed locally con-
centrated regions of a rubbery phase and the level of strain to cavitate such relatively
larger rubbery regions decreased. The presence of the PPGm toughener caused the
CSi particles to form agglomerates, in addition to increasing the εfc value to promote
more plastic deformation. It is also important that the diameter of the the agglom-
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erates were significantly smaller than the plastic yield zone diameter at the fatigue
threshold, (dy)th, in order to undergo cavitation and plastic void growth. The (dy)th
was calculated to be 16±2 µm, which was clearly greater than the agglomerates that
typically ranged up to about 1 µm in diameter.
1 µm
Crack directioni i
Agglomerates of
CSR particles
l
i l
End of fatigue
crack propagation
i  
i
Figure 9.16: Fatigue fracture surface of the 5PPGm5CSi epoxy at the threshold.
Furthermore, Figure 9.17 schematically illustrates the size of the crack opening dis-
placement at the fatigue threshold, CODth, relative to the CSR particles. For the
5CSi epoxy, the CSi particles were well dispersed and the CODth was about thirty
times the diameter of the individual particles. On the other hand, the CODth was only
about twice the size of the agglomerates for the 5PPGm5CSi epoxy, if one considers an
agglomerate as a single particle. Considering the fact that the crack front nominally
travels less than about 1 nm per cycle at the threshold, it is possible that such a dif-
ference in size may be significant. Namely, it takes about 50 cycles for the crack front
to travel past a single particle, whereas, it takes about 2000 cycles to travel past an
agglomerated rubbery region in the 5PPGm5CSi epoxy. Therefore, more interaction
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with the agglomerated CSR particles takes place in the hybrid toughened epoxies, and
agglomeration, therefore, can be an advantage under cyclic-fatigue loading.
CODth = 1.6 μm
CSR Particle Core Diameter ~ 50 nm
(a) 5CSi.
Agglomerate size < 2 μm
CODth = 3.6 μm
(b) 5PPGm5CSi.
Figure 9.17: Schematic llustration of crack opening displacement at the fatigue threshold.
10PPGm10CSi epoxy polymer
Figure 9.18 presents the quasi-static fracture surfaces of the 10PPGm10CSi epoxy,
which reveal that the agglomerated CSi particles have undergone cavitation and plastic
void growth. The average diameter of the voids was 50±12 nm, which is about a 35%
increase from the original diameter of the rubbery cores measured using FEGSEM
(i.e. 37±11 nm, see Table 8.2). This was also greater than the average void diameter
measured for the 10CSi epoxy, i.e. 44±14 nm. Considering the tensile/compressive
properties of the 10PPGm10CSi and 10CSi epoxies, the true compressive strain at
failure was the main difference. The value of εfc measured for the 10PPGm10CSi
epoxy was about 115% of the 10CSi epoxy value. The PPGm toughener was found
to dissolve partially in the epoxy, which was indicated by the decreased value of Tg.
Lower Tg value indicates that the cross-link density of the epoxy is also decreased,
which means that it is easier for the polymer chains to manoeuvre, and the material
becomes more ductile. Therefore, the amount of elongation before fracture for the
10PPGm10CSi epoxy was greater than when the PPGm toughener was absent, i.e. as
for the 10CSi epoxy.
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Furthermore, the PPGm toughener that phase separated to form a rubbery nano-
phase are indicated in Figure 9.18(b), suggesting that interfacial debonding of the
nano-particles takes place. The PPGm also causes the CSi particles to agglomerate.
Ultimately, the cavities formed inside the rubbery CSi particles were able to endure a
higher level of strain before fracture due to the PPGm toughener, and absorb a greater
amount energy via plastic void growth than for the 10CSi epoxy.
1 µmCrack 
direction
Agglomerates of
CSR particles
l
i l
(a) Agglomerated CSi particles having under-
gone cavitation and plastic void growth.
250 nm
Nano-
particles
of PPGm
(b) PPGm nano-particles.
Figure 9.18: Quasi-static fracture surfaces of the 10PPGm10CSi epoxy polymer.
Both 10PPGm and 10CSi epoxies exhibited no significant change in the Gth values,
and the fracture surfaces at the fatigue threshold were very similar to that of the un-
modified epoxy. For the 10CSi epoxy, cavitated CSi particles were almost non-existent
at the threshold, because the CSi particles were too small. However, the CSi particles
in the 10PPGm10CSi epoxy have undergone cavitation as presented in Figure 9.19,
and the Gth value was about 260% of the 10CSi epoxy value. The agglomeration of
the CSi particles was a major difference between the two modified epoxies, which was
already discussed for the relationship between 5CSi and 5PPGm5CSi epoxies. The
presence of the PPGm toughener caused the CSi to form micrometre-sized agglom-
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erates that decreased the level of strain required for cavitation. Additionally, more
interactions between the fatigue crack tip and the agglomerates were present, because
the fatigue crack opening displacement and the agglomerates were comparable in size.
The fatigue fracture surfaces of the hybrid epoxies investigated so far suggest that the
agglomeration exerts a positive influence on the fatigue properties.
1 µm
Crack directioni i
CSR particlesi l
Figure 9.19: Fatigue fracture surface of the 10PPGm10CSi epoxy at the threshold.
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4PPG10CSii epoxy polymer
The quasi-static fracture energy of the 4PPG10CSii epoxy was inferior to that of
the 10CSii epoxy, even though the degrees of dispersion of the CSii particles in the
two epoxies were similar. Figure 9.20 presents the quasi-static fracture surface of the
hybrid epoxy, and the average diameter of the voids was 44±8 nm. The cavities are
well dispersed in the epoxy, which resembles the fracture surface of the 10CSii epoxy
in Section 8.7. The presence of the PPG phase was not clear, possibly due to the small
volume fraction of the nano-phase.
For a brittle epoxy polymer that has a relatively high value of σy, it is advantageous
to decrease the tensile yield strength to promote plastic deformation. However, the
amount of energy dissipated during the fracture is the area under the stress-strain
curve, and this means that an extreme decrease in σy is not always helpful. It is,
therefore, important to decrease the σy value to ensure that plastic deformation is
initiated, but it is also critical to maintain a sufficient level of σy to absorb a considerable
amount of energy. The Huang and Kinloch model [14] shows that the amount of energy
dissipated via plastic void growth of a cavity increases with increasing σy and εfc values.
Furthermore, Pearson et al. [23] observed that the rubber modified epoxy possessing
the lowest yield stress exhibited the least increase in the fracture energy value.
For the 4PPG10CSii epoxy, the tensile yield strength was decreased by 12% due to the
additional PPG toughener, while the εfc value was unchanged from the 10CSii epoxy.
Therefore, the energy dissipated by the cavitation and plastic void growth mechanisms
in the hybrid epoxy polymer was less than for the 10CSii epoxy. This is reflected in
the values of GIc, where the GIc value of the 4PPG10CSii epoxy was about 55% of
the 10CSii epoxy value. The Huang and Kinloch model [14], as described in Section
8.8.2, was used to compare the energy absorbed by the cavities in the modified epoxy
polymers. The results are presented later for the other hybrid epoxies, because a 4PPG
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1 µm
Crack direction
Figure 9.20: Quasi-static fracture surface of the 4PPG10CSii epoxy.
epoxy was not investigated in the present study.
The 4PPG10CSii epoxy exhibited no significant change in the Gth value, which was
identical to that of the 10CSii epoxy. The only hybrid epoxy polymer that did not show
an improvement in the Gth value was this modified epoxy possessing well dispersed
CSR particles. It was shown in Section 8.7 that the strain at the fatigue threshold
was insufficient to cavitate the well dispersed CSR nano-particles. As for the 10CSii
epoxy, cavities formed inside the rubbery CSii particles are rarely observed in Figure
9.21. The identifiable particles may have cavitated, but mostly have not grown in
size compared to the diameter of the unfractured CSii particles. The PPG particles
were not able to change the morphology of the CSR-modified epoxy, nor induce any
significant toughening mechanism to increase the Gth value.
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The observations from the fatigue threshold fracture surfaces thus far indicate that it is
more advantageous to possess agglomerated CSR particles than the well dispersed CSR
particles under cyclic-fatigue loading. An agglomerate acts as a single micrometre-sized
particle that is easier to cavitate, because the amount of strain required to cavitate
a rubbery particle decreases exponentially with increasing particle diameter [72]. For
example, it was shown in Section 8.7 that the relatively larger CSiii partilces (200 nm
nominal diameter) cavitated at the fatigue threshold, suggesting that micrometre-sized
particles will cavitate also. Therefore, cavitation and plastic void growth can be pro-
moted by the agglomeration of the CSR particles at the fatigue threshold.
1 µm
Crack directioni i
CSR particlei l
End of fatigue
crack propagation
i  
i
Figure 9.21: Fatigue fracture surface of the 4PPG10CSii epoxy at the threshold.
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10PPG10CSii epoxy polymer
The CSii particles formed agglomerates in the 10PPG10CSii epoxy as presented in
Figure 9.22. The CSR particles have undergone cavitation and induced plastic void
growth, and the average diameter of the voids was 52±12 nm. This was about a 30%
increase from the original core size, and was identical to the average void diameter
measured from the 10CSii epoxy. However, the GIc value of the hybrid epoxy was
inferior to that of the 10CSii epoxy. This can be again explained by the material
properties, because the σy value of the hybrid epoxy was decreased significantly to
52±1 MPa. This was about 75% of the 10CSii epoxy value, while the εfc value was
only increased by less than 10%. It was explained previously that while it is typically
advantageous to decrease the tensile yield strength, a sufficient level of σy must be
maintained to absorb a considerable amount of energy via the plastic void growth.
The increase in the εfc value was not sufficient to compensate for the energy lost due
to the significantly lower value of σy, i.e. the area under the stress-strain curve was
decreased. Therefore, the GIc value of the hybrid epoxy was inferior to that of the
10CSii epoxy.
Compared to the 4PPG10CSii epoxy, the 10PPG10CSii epoxy exhibited a lower value
of σy, but the value of GIc was increased. This was because the εfc value was increased
when the weight content of the PPG was increased, and the average diameter of the
voids was about 20% greater for the 10PPG10CSii epoxy. Additionally, the PPG
toughener formed a nano-phase that debonded from the epoxy (see Figure 9.22(b))
and somewhat contributed towards the toughening of the material. Therefore, the
greater weight content of the PPG toughener increased the εfc value and induced
more toughening compared to the 4PPG10CSii epoxy.
The 10PPG10CSii exhibited a significant increase in the fatigue threshold, as for the
other hybrid epoxies possessing agglomerated CSR particles. Figure 9.23 presents
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(b) PPG nano-particles.
Figure 9.22: Quasi-static fracture surfaces of the 10PPG10CSii epoxy polymer.
the fracture surface of the 10PPG10CSii epoxy at the fatigue threshold that shows
numerous cavities formed in the rubbery CSii particles. As already discussed, the
CSii nano-particles formed micrometre-sized agglomerates that require less strain for
cavitation than for the individual nano-particles [72]. Additionally, the sizes of the
agglomerates are comparable to the size of the CODth at the fatigue threshold, and
therefore, the agglomerates better restrict the propagation of the fatigue crack tip
compared to the well dispersed nano-particles.
An extremely low value of σy was found to be disadvantageous under the faster quasi-
static fracture, as the area under the stress-strain curve is effectively decreased. How-
ever, one must consider that the level of applied load/strain on the test specimen is
significantly lower at the fatigue threshold. Therefore, local plastic deformation of
the modified epoxy can be assisted by a considerably lower value of σy at the thresh-
old.
In general, the strain level required to cavitate the rubbery particles was decreased
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by the agglomeration of the CSii nano-particles that was caused by the PPG phase.
The significantly low value of σy also assisted the cavitation mechanism at the fatigue
threshold. The propagation of the fatigue crack was also restricted by the agglomerates,
because the size of the agglomerates was comparable to the CODth value.
1 µm
Crack directioni i
CSR particlesi l
End of fatigue
crack propagation
i
i
Figure 9.23: Fatigue fracture surface of the 10PPG10CSii epoxy at the threshold.
5PPGm10CSii epoxy polymer
The CSii particles agglomerated when added to the epoxy along with the PPGm
tougheners. The quasi-static fracture surface in Figure 9.24(a) presents these CSii
agglomerates that clearly cavitate and induce plastic deformation. The average void
diameter was 52±12 nm, which was a 30% increase from the original diameter of
the CSii particles. As for the 10PPG10CSii epoxy, this diameter of the cavities was
identical to that measured for the 10CSii epoxy, but the GIc of the hybrid epoxy
was significantly lower than that of the 10CSii epoxy. In this case, the presence of the
additional PPGm phase in the epoxy decreased σy by about 10%, but increased the εfc
value by about 5% compared to the 10CSii epoxy values. As for the 4PPG10CSii and
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10PPG10CSii epoxies, the decreased tensile yield strength and no additional major
toughening mechanisms induced by the PPGm toughener were the reasons for the
inferior GIc value. This suggests that the plastic void growth mechanism is influenced
significantly by the tensile yield strength of the epoxy.
Furthermore, it is possible that the agglomeration can impede the growth of the voids
in the rubbery particles. Figure 9.24(b) presents a quasi-static fracture surface, where
a few particles within an agglomerate appear to experience only a limited amount
of plastic void growth. The average diameter of such cavities were smaller than the
diameter of the unfractured rubbery cores. Since the fracture surface is only two-
dimensional, one cannot be certain whether these voids extend further beneath the
surface. However, from Figure 9.24(b), it would appear that not all the cavities grow
to their full potential. Although not as clear as Figure 9.24(b), similar features were
observed across the fracture surfaces of the hybrid epoxies possessing agglomerates of
CSR particles.
1 µm
Crack direction
(a) Agglomerated CSii particles having under-
gone cavitation and plastic void growth.
1 µm
CSR particles
not fully grown
i l
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direction
(b) PPGm nano-particles.
Figure 9.24: Quasi-static fracture surfaces of the 5PPGm10CSii epoxy polymer.
The fatigue fracture surface of the 5PPGm10CSii epoxy at the threshold is presented in
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Figure 9.25 and the cavitation of the CSR particles is clearly observed. This agrees with
the other hybrid epoxies, where the CSR particles formed agglomerates. As previously
explained, the agglomerates act as individual micrometre-sized particles that require
less strain for cavitation [72]. Also, the agglomerates experience more interaction with
the fatigue crack tip due to the relatively greater size than the individual CSR particles.
Because the applied strain level is significantly lower at the fatigue threshold, it was
also advantageous that the value of σy was decreased. The PPGm toughener decreased
the σy value of the epoxy significantly, while also causing the CSii particles to form
agglomerates.
1 µm
Crack directioni i
Agglomerate of
CSR particles
l
i l
End of fatigue
crack propagation
i  
i
Figure 9.25: Fatigue fracture surface of the 5PPGm10CSii epoxy at the threshold.
10PPGm10CSii epoxy polymer
The CSii particles in the 10PPGm10CSii epoxy formed agglomerates due to the pres-
ence of PPGm. Figure 9.26(a) presents the quasi-static fracture surfaces of this hybrid
epoxy, which show that the cavitation and plastic void growth of the agglomerated CSii
particles are present. The average diameter of the voids was 55±15 nm, which is com-
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parable to that of the 10CSii epoxy, i.e. 52±11 nm. The combination of the PPGm
and CSii tougheners in the epoxy resulted in an inferior value of GIc compared to the
10CSii value, which agrees with the observations made for the other hybrid epoxies
containing the CSii particles. Once again, the significantly decreased value of the σy
compared to the 10CSii epoxy may be the reason.
Figure 9.26(b) presents a fracture surface of the 10PPGm10CSii epoxy, where the
PPGm nano-particles are shown. This confirms that a portion of the PPGm toughener
phase separates to form nano-particles, and also suggests that interfacial debonding of
the nano-particles takes place, as was already observed for the 10PPGm epoxy.
1 µm
Crack direction
(a) Agglomerated CSii particles having under-
gone cavitation and plastic void growth.
250 nm
Nano-
particles
of PPGm
(b) PPGm nano-particles.
Figure 9.26: Quasi-static fracture surfaces of the 10PPGm10CSii epoxy polymer.
The fatigue fracture surface of the 10PPGm10CSii epoxy at the threshold was examined
as presented in Figure 9.27. As for all the hybrid epoxy polymers possessing agglom-
erated CSR particles, cavitation of the particles was clearly observed. Once again, the
presence of the PPG toughener caused the CSii particles to form agglomerates and
also decreased the σy value of the modified epoxy. Because the applied strains at the
fatigue threshold are relatively small, it is beneficial to decrease the strain required for
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cavitation of rubbery particles by increasing their size, i.e. by forming agglomerates.
Also, the lower value of σy contributed towards inducing cavitation of the CSR particles
at the fatigue threshold.
Crack directioni i
Agglomerates of
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i l
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i
Figure 9.27: Fatigue fracture surface of the 10PPGm10CSii epoxy at the threshold.
The energy absorbed during the plastic void growth of the cavities, ∆Gv, was predicted
using the Huang and Kinloch model [14] as described in Section 8.8.2. For the modelling
studies, it can be considered, for example, that 10 wt.% of CSii was added to the
10PPGm base epoxy to formulate a 10PPGm10CSii epoxy. Therefore, the material
properties of the unmodified, 10PPGm and 10PPG epoxies were used respectively to
model the properties of the 10CSii, 10PPGm10CSii and 10PPG10CSii epoxies. It was
assumed that 70% of the CSR particles undergo cavitation and plastic void growth,
which was the average value in Section 8.8.2. Additionally, the number of CSR particles
in the plastic yield zone was estimated using the volume fractions and the dimensions
of the CSR particles. Using this information ∆Gv per cavity was calculated to compare
between the modified epoxies. For the 10CSii epoxy, a single cavity is estimated to
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absorb about 7.8 mJ/m2. For the 10PPGm10CSii and 10PPG10CSii epoxies, each
cavity was estimated to absorb about 7.4 and 6.7 mJ/m2, respectively. The lowest
value of ∆Gv per cavity was calculated for the 10PPG10CSii epoxy, because the lowest
value of σy was exhibited. Such observations confirm that the lower value of σy is not
always beneficial, unless accompanied by a significantly larger plastic yield zone and a
greater εfc value.
Considering the GIc values, the combination of the PPGm toughener with the CSR
particles exhibited synergy in the 10PPGm10CSi epoxy, while the contrary was ob-
served for the 10PPGm10CSii epoxy. This was because, the value of σy was main-
tained at a relatively high level (i.e. 76±4 MPa) and the εfc was increased for the
10PPGm10CSi epoxy. For the 10PPGm10CSii epoxy, the value of εfc was also in-
creased, however, the true tensile yield strength was decreased significantly to 58±1
MPa. Therefore, the energy absorbed during the plastic void growth of the cavities
for the 10PPGm10CSii epoxy was significantly less than for the 10PPGm10CSi epoxy.
Such an observation supports the argument that maintaining a sufficient level of σy, in
combination with increasing the εfc value, is critical under quasi-static loading condi-
tions.
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9.8 Concluding Remarks
The glass transition temperatures of the hybrid toughened epoxies were governed by the
polymer-based toughener (i.e. PPGm or PPG), because the preformed CSR particles
always remained as a separate phase. A portion of the PPGm and PPG tougheners
phase separated to form nano-particles that ranged up to about 100 nm in length, as
already observed for the 10PPGm and 10PPG epoxies. The CSR particles were well
dispersed when used as the only toughener, but formed agglomerates in the hybrid
epoxies. In the case of the 4PPG10CSii epoxy, there was an insufficient amount of the
PPG toughener to induce agglomeration of the CSR particles. This suggests that there
is a critical amount of the secondary toughener above which the degree of dispersion
of the CSR particles will be affected.
Synergy was observed when the PPGm and CSi tougheners were combined, where
the cavitation and plastic void growth of the CSR particles were the main toughening
mechanisms. The true compressive strain at failure was increased by the presence of
the PPGm toughener, while maintaining a relatively high level of σy. Due to such
properties, more energy was absorbed by the plastic void growth of the CSR particles
in the hybrid epoxies. This suggests that agglomeration of the CSR particles can still
induce plastic void growth, as long as the diameter of the particles is significantly
smaller than the plastic yield zone at the crack tip.
On the other hand, the quasi-static fracture energy was decreased for the hybrid epoxy
polymer containing the CSii particles. The true compressive strain at failure was
not significantly changed but the yield stress of the epoxy was decreased significantly.
This effectively means that the area under the stress-strain curve is decreased and
the amount of energy absorbed during void growth was comparably less. Also, the
PPGm and PPG phases were not able to induce an additional major toughening
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mechanism.
The degree of dispersion of the CSR particles was an important factor under the cyclic-
fatigue loading conditions. Except for the 4PPG10CSii epoxy, all the hybrid epoxy
polymers exhibited significantly increased values of Gth. The main morphological dif-
ference between the 4PPG10CSii epoxy and the other hybrid epoxies, was that the
CSR particles were well dispersed in the 4PPG10CSii epoxy. The strain required to
cavitate the rubbery particles was decreased by agglomeration, and more evidence of
cavitation and plastic void growth at the fatigue threshold was observed for the hybrid
epoxies possessing agglomerated CSR particles. Figure 9.28 compares the Gth values of
all the CSR-modified epoxies and it clearly shows a divide between the two morpholo-
gies. Table 9.6 summarise the important properties of the modified epoxy polymers
containing hybrid tougheners.
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Figure 9.28: Quasi-static and fatigue fracture properties of hybrid toughened epoxy polymers.
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Chapter 10
Hybrid tougheners:
polyurethane and core-shell rubber
particles
10.1 Introduction
Chapters 6 and 8 have shown that the polyurethane tougheners, PUi and PUii, and the
core-shell rubber type ii, CSii, were very effective in improving the fracture properties
of the epoxy polymer. Combinations of these tougheners were chosen (see Section 3.6
for details) to optimise the toughening effects under both quasi-static and cyclic-fatigue
loading conditions. Table 10.1 lists the hybrid toughened epoxy polymers investigated
in the present Chapter.
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Table 10.1: Hybrid epoxy polymers containing a combination of PUi, PUii and CSii tougheners.
# Name wt.% Toughener 1 wt.% Toughener 2
24 10PUi5CSii 10 PUi and 5 CSii
25 10PUi10CSii 10 PUi and 10 CSii
26 10PUii10CSii 10 PUii and 10 CSii
PUi – Polyether-based polyurethane. Mw > 2000 g/mol.
PUii – Poly(propylene glycol)-based polyurethane. Mw = 10000 ∼ 20000 g/mol.
CSii – CSR toughener, styrene-butadiene-core/PMMA-shell. Nominal diameter of 100 nm.
10.2 Glass Transition Temperatures
The glass transition temperatures of the single-toughener modified epoxies were de-
scribed in Sections 6.2 and 8.2. The present Section describes the DMTA results of the
three hybrid toughened epoxy polymers, 10PUi5CSii, 10PUi10CSii and 10PUii10CSii.
10PUi5CSii epoxy polymer
The tan(δ) trace of the 10PUi5CSii epoxy is presented in Figure 10.1(a). The glass
transition was at 126±2◦C, which was only slightly lower than the Tg of the 10PUi
epoxy (130±2◦C). Given that the Tg of the pure PUi toughener is −45 ∼ −40◦C [184],
and that the CSR particles do not have a significant influence on the overall value of
Tg, calculations estimate that about 15% of the added PUi toughener has dissolved in
the epoxy. However, a secondary peak indicative of the Tg of the PUi phase was not
clearly observed. The β-peak was slightly shifted from −68◦C of the unmodified epoxy
to −64 ± 2◦C for the 10PUi5CSi epoxy. Even though this shift was not significant,
it may be a result of another small peak produced by the presence of the styrene-
butadiene core of the CSii particles, since the Tg of the styrene-butadiene is reported
to be −65 ∼ −50◦C [119].
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10PUi10CSii epoxy polymer
Figure 10.1(b) presents the tan(δ) trace of the 10PUi10CSii epoxy polymer. The peak
value was at 128± 1◦C, which was similar to that of the 10PUi epoxy (i.e. 130±2◦C).
As for all the hybrid epoxy polymers, the CSR particles did not have a significant
effect on the Tg of the 10PUi10CSii epoxy. The secondary β-peak of the epoxy was
again shifted slightly to the right and was observed at a value of −63± 2◦C. As for the
previous hybrid epoxy polymer, this shift is most probably caused by the presence of
the styrene-butadiene core of the CSii particles.
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(a) 10PUi5CSii.
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(b) 10PUi10CSii.
Figure 10.1: DMTA results of the 10PUi5CSii and 10PUi10CSii epoxy polymers.
10PUii10CSii epoxy polymer
The Tg of the 10PUii10CSii epoxy polymer was at 120±2◦C, as presented in Figure
10.2. This was lower than the 125±1◦C of the 10PUii epoxy, which implies that
a greater amount of the PUii toughener has dissolved in the epoxy polymer. For
the 10PUii10CSii epoxy polymer, the Fox equation estimates that about 35% of the
PUii toughener is in solution in the epoxy polymer, whereas the percentage was only
20% for the 10PUii epoxy (see Section 6.2). The secondary β-peak was observed at
−58◦C, which was similar to the 10PUii epoxy. This significant shift is a result of the
summation of three possible nearby transitions: (i) the Tβ of the unmodified epoxy
polymer (−68◦C), (ii) the Tg of the styrene-butadiene core (about −55◦C), and (iii)
the Tg of the PUii toughener (−45◦C [184]).
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Figure 10.2: DMTA results of the 10PUii10CSii epoxy polymer.
10.3 Morphologies
The morphologies of the modified epoxy polymers containing a single type of toughener
(i.e. one type of PUi, PUii or CSii) were described in Sections 6.3 and 8.3. The present
Section describes the resulting morphologies of these tougheners used in combination
to give the hybrid epoxy polymers.
10PUi5CSii epoxy polymer
Figure 10.3 presents the morphology of the 10PUi5CSii epoxy, where a secondary
phase of the PUi toughener and the agglomerated CSR particles are observed. The
CSii agglomerates commonly ranged up to about 2 µm in size. The individual CSR
particles had an average diameter of 52±11 nm, which agrees with the measurements
from the 10CSii epoxy. The CSR particles were found to not affect the the morphology
of the PUi toughener. In Section 6.3, a PUi nano-phase was formed in the 10PUi
epoxy, and the identical secondary phase is presented in Figure 10.3(b). The PUi
particles were partially dispersed in the epoxy and partially agglomerated with the
fumed silica. Figure 10.3(b) shows the regions of such agglomerates and Figure 10.3(c)
reveals the well dispersed ‘dot-like’ PUi particles that ranged up to about 30 nm in
diameter.
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Figure 10.3: Atomic force microscope images of the 10PUi5CSii epoxy polymer.
10PUi10CSii epoxy polymer
As for the 10PUi5CSii epoxy, the CSii particles in the 10PUi10CSii epoxy were ag-
glomerated and the average diameter was 53±12 nm. The longest length of these
agglomerates in Figure 10.4(b) was up to about 4 µm. The PUi toughener again
formed a secondary phase, and the ‘dot-like’ nano-particles were up to about 35 nm in
diameter. As previously observed for the 10PUi and 10PUi5CSii epoxies, these PUi
particles were either well dispersed or were agglomerated with the fumed silica parti-
cles. The spherical agglomerates of the PUi and fumed silica particles typically ranged
between 1∼2 µm in diameter.
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0.25 μm
PUi nano-particles
dispersed in epoxy
35 nm
(c) Nano-phase of PUi
Figure 10.4: Atomic force microscope images of the 10PUi10CSii epoxy polymer.
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10PUii10CSii epoxy polymer
In Section 6.3, it was shown that the PUii toughener in the 10PUii epoxy also phase
separates to form a well dispersed nano-phase. The presence of the CSii particles
did not affect the morphology of the PUii, and Figure 10.5 reveals the PUii nano-
particles in the 10PUii10CSii epoxy. These ‘worm-like’ PUii nano-particles ranged up
to about 90 nm in length and 10 nm in width, and were clearly longer than the PUi
particles in the 10PUi10CSii epoxy. The same comparison was made for the 10PUi and
10PUii epoxies (see Section 6.3), and the difference in the dimensions of the secondary
phase was caused by their molecular weight, Mw, where the PUii toughener had a
significantly higher value of Mw. As observed for the previous hybrid epoxies, the
degree of dispersion of the CSii particles was influenced by the PUii toughener and
the particles formed agglomerates. The individual CSR particles in Figure 10.5 had
an average diameter of 55±13 nm, and the agglomerates ranged up to about 2 µm in
diameter.
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Figure 10.5: Atomic force microscope images of the 10PUii10CSii epoxy polymer.
Table 10.2 summarises the glass transition temperatures and the morphologies of the
hybrid epoxy polymers.
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Table 10.2: Summary of glass transition temperatures, Tg, and morphologies of the hybrid epoxy
polymers, 10PUi5CSii, 10PUi10CSii and 10PUii10CSii.
# Name Tg [
◦C] Core ø [nm] Morphology
1 Unmodified 132 N/A Fumed silica aggregates randomly dis-
persed. Diameter of primary particle was
30 nm. Some micrometre-sized spherical
agglomerates of fumed silica. Occasional
air bubbles.
24 10PUi5CSii 126 52 ± 11 PUi particles (∼30 nm) either dispersed
in epoxy, or agglomerated with fumed sil-
ica. Agglomerated CSR particles.
25 10PUi10CSii 128 53 ± 12 As above.
26 10PUii10CSii 120 55 ± 13 Agglomerated CSR particles and well dis-
persed PUii particles (∼90 nm).
10.4 Tensile and Compressive Mechanical
Properties
Having defined the morphologies of the hybrid toughener epoxy polymers, the present
Section will describe the tensile and the compressive mechanical properties, as pre-
sented in Table 10.3 and in Figure 10.6.
Table 10.3: Young’s modulus, E, true tensile yield stress, σy, true compressive strain at fracture, εfc,
and occurrence of strain softening.
# Name
E σy εfc Strain
[GPa] [MPa] [mm/mm] softening?
1 Unmodified 3.53 ± 0.09 93 ± 8 0.85 No
24 10PUi5CSii 2.36 ± 0.09 62 ± 4 1.03 No
25 10PUi10CSii 1.98 ± 0.06 52 ± 1 0.99 No
26 10PUii10CSii 2.41 ± 0.12 55 ± 0 1.22 No
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Figure 10.6: Young’s modulus, E, and true tensile yield strength, σy, of the 10PUi5CSii, 10PUi10CSii
and 10PUii10CSii epoxies.
10PUi5CSii epoxy polymer
The Young’s modulus of the 10PUi5CSii epoxy polymer was 2.36±0.09 GPa, which was
similar to that of the 10PUi epoxy. This value of E was 35% lower than the modulus of
the unmodified epoxy. A 5CSii epoxy was not investigated in Chapter 8, but the study
of the 5CSi epoxy showed that 5 wt.% of the CSR particles only slightly decreased the
modulus. Thus, as expected, the moduli of the 10PUi and 10PUi5CSii epoxy were
similar. The true tensile yield stress, σy, was decreased by about 35% compared to
the unmodified epoxy value, and was 62±4 MPa. This value was lower than the σy
value of the 10PUi epoxy, due to the higher content of the rubbery particles. The
hybrid epoxy polymer exhibited an increase in the true compressive strain at failure,
εfc, which was 1.03 mm/mm. This was about 120% of the εfc value exhibited by
the unmodified epoxy, but only about 5% greater when compared to the value of the
10CSii epoxy. The true compressive stress-strain curve in Figure 10.7 shows no strain
softening during the plane strain compression test. This was as expected, since neither
the PUi-only nor the CSii-only modified epoxy exhibited strain softening (see Sections
6.4 and 8.4).
273
Chapter 10: Hybrid tougheners – PUi, PUii and CSii tougheners
0
25
50
75
100
125
0.0 0.1 0.2 0.3
Tru
e c
om
pr
es
siv
e s
tre
ss 
[M
Pa
]
True compressive strain [mm/mm]
Unmodified
10PUi5CSii
10PUi10CSii
10PUii10CSii
Figure 10.7: True compressive stress-strain relationships of the 10PUi5CSii, 10PUi10CSii and
10PUii10CSii epoxies.
10PUi10CSii epoxy polymer
The value of the Young’s modulus was decreased further when a greater concentra-
tion of the CSii particles were added. The modulus of the 10PUi10CSii epoxy was
1.98±0.06 GPa, which was about 55% of the modulus of the unmodified epoxy. Com-
pared to the 10PUi and 10CSii epoxies, the modulus of the 10PUi10CSii epoxy was sig-
nificantly lower due to the considerably greater volume fraction of the rubbery phase in
the hybrid epoxy. The value of σy was also decreased significantly, and was 52±1 MPa.
In Sections 6.4 and 8.4, the respective values of σy for the 10PUi and 10CSii epoxies
were 72 and 68 MPa. By simply adding the ∆σy exhibited by the two single tough-
ener epoxies, the predicted value of σy for the hybrid epoxy is about 48 MPa, which
is similar to the experimental value. The value of εfc of the 10PUi10CSii epoxy was
0.99 mm/mm, which was similar to those of the 10PUi and 10CSii epoxies. This shows
that no synergy is exhibited considering the true compressive failure strain. Figure 10.7
presents the true compressive stress-strain characteristics, where no strain softening is
observed.
10PUii10CSii epoxy polymer
Compared to the 10PUi10CSii epoxy polymer, the 10PUii10CSii hybrid epoxy was
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able to maintain a higher modulus, which was 2.41±0.12 GPa. This was because
the pure PUii toughener has a higher value of Mw than the PUi toughener, and the
modulus of a polymer is known to increase with increasing Mw [5]. In Section 6.4, it was
shown that the modulus of the 10PUii epoxy was also greater than that of the 10PUi
epoxy. The tensile yield strength of the 10PUii10CSii epoxy was 55±0 MPa, which
was about 60% of the unmodified epoxy value and about 80% of the σy measured for
the 10PUii and 10CSii epoxies. The presence of both the PUii and the CSii rubbery
particles decreased the yield stress significantly. The true compressive strain at failure
was increased to 1.22 mm/mm, which was greater than the values of εfc measured for
the 10PUii and 10CSii epoxies. Strain softening was observed for the 10PUii epoxy in
Section 6.4, but no clear strain softening was observed for the 10PUii10CSii epoxy, as
may be seen from Figure 10.7.
10.5 Quasi-static Fracture Properties
The present section will describe the quasi-static fracture properties of the hybrid
epoxies in comparison to the single-toughener modified epoxies, that were described in
Sections 6.5 and 8.5.
Table 10.4: True tensile yield stress, σy, mode I fracture toughness, KIc, mode I fracture energy, GIc
and plastic yield zone diameter, dy.
# Name
σy KIc GIc dy
[MPa] [MPa·m0.5] [J/m2] [µm]
1 Unmodified 93 ± 8 1.41 ± 0.12 494 ± 81 24 ± 4
24 10PUi5CSii 62 ± 4 1.92 ± 0.03 1380 ± 43 98 ± 8
25 10PUi10CSii 52 ± 1 1.62 ± 0.14 1170 ± 195 101 ± 11
26 10PUii10CSii 55 ± 0 2.65 ± 0.10 2570 ± 189 249 ± 9
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10PUi5CSii epoxy polymer
In Section 6.5, it was shown that the 10PUi epoxy exhibited an outstanding level of
GIc, which was 2320 J/m
2 (N.B. a 5CSii epoxy was not studied). However, the present
results reveal that the value of GIc was not as great when an additional 5 wt.% of the
CSii particles were added. The value of GIc for the 10PUi5CSii epoxy polymer was
only measured to be 1380±43 J/m2. It was interesting to observe that even though
both the PUi and CSii tougheners were individually very effective, the combination
in the hybrid epoxy was rather disappointing. The reasons and the differences in the
toughening mechanisms will be investigated later in Section 10.7.
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Figure 10.8: Mode I fracture toughness, KIc, and fracture energy, GIc, of the 10PUi5CSii,
10PUi10CSii and 10PUii10CSii epoxies.
10PUi10CSii epoxy polymer
As for the previous hybrid epoxy polymer, the 10PUi10CSii epoxy did not exhibit any
form of synergy. The value of GIc was only 1170±195 J/m2, which was less than 50%
of the values of GIc measured for the 10PUi and 10CSii epoxy polymers in Sections
6.5 and 8.5. A similar negative outcome was observed from the previous Chapter,
where the combinations of the poly(propylene glycol) tougheners (PPGm and PPG)
with the CSii particles were shown to be disadvantageous under quasi-static loading.
When compared to the 10CSii epoxy, the σy value was decreased but the εfc value
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was unchanged for this hybrid epoxy. This suggests that the energy absorbed during
the plastic void growth induced by the cavitation of the CSii particles (i.e. the area
under stress-strain curve) was decreased for the hybrid epoxy. The reasons for such an
inferior property will be discussed later.
10PUii10CSii epoxy polymer
When used with the CSii particles, the PUii toughener was more promising than the
PUi toughener. The value of GIc of the 10PUii10CSii epoxy was 2570±189 J/m2,
which was identical to that of the 10CSii epoxy and slightly greater than that of
the 10PUii epoxy. The fracture energy of this hybrid epoxy was more than 200%
of the 10PUi10CSii epoxy value. Considering the material properties of the two hy-
brid epoxies, the 10PUii10CSii epoxy possessed a significantly higher value of εfc than
the 10PUi10CSii epoxy, and therefore, the cavities in the CSii particles may have
undergone a greater amount of elongation during the plastic void growth process. Ad-
ditional toughening mechanisms induced by the two tougheners are discussed in Section
10.7.
10.6 Cyclic-fatigue Properties
The majority of the hybrid epoxy polymers in the previous Chapter exhibited excel-
lent cyclic-fatigue properties, and therefore, a similar outcome was anticipated for the
hybrid epoxy polymers in the present Chapter. Table 10.5 and Figure 10.9 present the
cyclic-fatigue test results for the hybrid epoxies containing a combination of the PUi,
PUii and CSii tougheners.
10PUi5CSii epoxy polymer
The fatigue threshold fracture energy, Gth, of the 10PUi5CSii epoxy polymer was
331±26 J/m2, which was slightly lower than the value of the 10PUi epoxy, but never-
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Table 10.5: Quasi-static fracture energy, GIc, fatigue threshold fracture energy, Gth, ratio Gth/GIc
and the Paris Law parameter, m.
# Name
GIc Gth Gth/GIc m
[J/m2] [J/m2]
1 Unmodified 494 ± 81 153 ± 10 0.31 9.2 ± 0.8
24 10PUi5CSii 1380 ± 43 331 ± 26 0.24 7.3 ± 0.4
25 10PUi10CSii 1170 ± 195 356 ± 26 0.30 6.4 ± 0.6
26 10PUii10CSii 2570 ± 189 438 ± 39 0.17 5.5 ± 0.6
theless, presents a significant increase compared to the unmodified epoxy value. The
Paris Law parameter, m, decreased from 9.2±0.8 for the unmodified epoxy to 7.3±0.4
for the hybrid epoxy. The majority of the hybrid epoxies in the previous Chapter pos-
sessed agglomerated CSR particles and such a morphology was able to increase the Gth
values. The findings for the 10PUi5CSii epoxy agrees with the previous observations,
since the CSii particles in this hybrid epoxy also formed agglomerates and exhibited
a relatively high value of Gth. Furthermore, the PUi particles in the 10PUi epoxy
formed micrometre-sized agglomerates with the fumed silica that induced micro- and
nano-cavities (see Section 6.7). Such mechanisms are also expected for this hybrid
epoxy, since the morphologies formed by the PUi toughener were similar in the two
epoxies. The toughening mechanisms at the fatigue threshold will be discussed further
in Section 10.7.
10PUi10CSii epoxy polymer
The 10PUi10CSii epoxy polymer exhibited a similar value of Gth to the above hybrid
epoxy polymer, and the fatigue threshold was at 356±26 J/m2. This threshold value
was comparable to that measured for the 10PUi epoxy and was significantly greater
when compared to the 10CSii epoxy. Given that the morphologies of the 10PUi5CSii
and 10PUi10CSii were very similar, the toughening mechanisms in the two epoxies are
expected to be similar. The agglomerates of the PUi-fumed silica particles, and the
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CSR agglomerates, are likely to be the reasons for such improved fatigue properties,
as will be discussed later.
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Figure 10.9: Fatigue crack growth rate vs. maximum applied fracture energy in a cycle of the
10PUi5CSii, 10PUi10CSii and 10PUii10CSii epoxy polymers.
10PUii10CSii epoxy polymer
The quasi-static fracture energy of the 10PUii10CSii epoxy was increased signiﬁcantly,
and the same positive inﬂuence was present at the fatigue threshold. The Gth value
was increased to 438±39 J/m2 for this hybrid epoxy, which was a signiﬁcant increase
compared to those of the unmodiﬁed and 10CSii epoxies. This was comparable to
the value of Gth for the 10PUii epoxy, where the increased value of εfc and the nano-
cavities induced by the PUii particles contributed towards the toughening of the epoxy.
The CSii particles in the hybrid epoxy again formed agglomerates that would have
undergone cavitation and plastic void growth mechanisms to a certain extent at the
fatigue threshold, as previously shown for the other hybrid epoxies. The next Section
will discuss the toughening mechanisms.
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10.7 Toughening Mechanisms
The previous two Sections described the quasi-static and the cyclic-fatigue proper-
ties of the hybrid epoxy polymers. The present Section will discuss the toughening
mechanisms under the two modes of loading.
10PUi5CSii epoxy polymer
The quasi-static fracture energy of the 10PUi5CSii epoxy decreased compared to the
10PUi epoxy, and the resulting fracture surfaces are presented in Figure 10.10. The
agglomerated CSR particles have clearly undergone cavitation and plastic void growth
process. The average diameter of the voids was 50±11 nm, and was similar to that
observed from the fracture surfaces of the 10CSii epoxy (i.e. 52±11 nm). Plastic void
growth of the epoxy induced by the cavities formed in the CSR particles was a clear
toughening mechanism, but since the weight content was relatively small (5 wt.%),
other toughening mechanisms were also expected as described below.
As discussed in Section 6.7, the nano- and micro-cavities formed in the PUi-fumed
silica agglomerates induced plastic void growth in the 10PUi epoxy. Signs of the iden-
tical mechanism were observed for the 10PUi5CSii epoxy in Figure 10.10(a), where the
agglomerates of the PUi-fumed silica particles are shown. Firstly, nano-cavities are
clearly present within the spherical agglomerate on the left, which suggests that the
interface of the rubbery PUi particles and the relatively rigid fumed silica particles
acts as a stress concentration site. Nano-cavities are, therefore, formed and the plastic
void growth of the epoxy is induced. Secondly, a single large cavity is present inside
the spherical agglomerate on the right. This suggests that the agglomerates also act
like single rubbery particles and plastic void growth of the micro-cavities is experi-
enced. Such features from the fracture surfaces are illustrated schematically in Figure
10.10(c). Furthermore, there were regions where the agglomerates of the PUi-fumed
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silica particles were not spherical, but were larger and of irregular shape. ‘Fibril-like’
features were observed in such regions, as shown in Figure 10.10(b). This indicates
that the nano-cavitation in the non-circular agglomerates also induces the plastic void
growth of the epoxy.
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Figure 10.10: Quasi-static fracture surfaces of the 10PUi5CSii epoxy polymer.
Given that the plastic void growth mechanism was induced by the two tougheners, a
greater value of GIc for the hybrid epoxy was to be expected when compared to the
single-toughener modified epoxy, i.e. 10PUi. However, the value of GIc was decreased
for the 10PUi5CSii epoxy, which means that the tougheners have a negative influence
on each other. Since the main toughening mechanism was the plastic void growth of
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the cavities induced by either the PUi or CSii particles, the significantly decreased
value of σy may be the reason for the inferior GIc value. The σy value was decreased
by about 15% for the hybrid epoxy compared to the 10PUi epoxy, while the εfc was
only increased by 7%. As discussed in Section 9.7, this means that the amount of
energy absorbed by the plastic void growth process of the cavities is less for the hybrid
epoxy, as the area under the stress-strain curve is effectively decreased. Since a 5CSii
epoxy was not investigated, this argument will be discussed further for the 10PUi10CSii
epoxy.
As for the other hybrid toughened epoxies possessing agglomerated CSR particles,
cavities within the CSii particles are clearly present on the fatigue fracture surface
in Figure 10.11(a). Guild et al. [72] showed that the strain required for cavitation of
rubbery particles decreases exponentially with increasing diameter. As discussed in
Section 6.7, an agglomerate of the rubbery CSii nano-particles behaves like a single
micrometre-sized rubbery particle, and this means that the cavitation of the agglom-
erated CSR particles is more likely than for the well dispersed nano-particles.
Considering the secondary phase formed by the PUi toughener, the fracture surface of
the 10PUi5CSii epoxy at the fatigue threshold was very similar to that of the 10PUi
epoxy (see Section 6.7). Figure 10.11(b) clearly shows the nano-cavities formed within
the PUi-fumed silica agglomerates. These cavities indicate the plastic void growth
is still induced by the addition of the PUi toughener even at the fatigue threshold.
Furthermore, a peak at the centre of the spherical agglomerates is observed in Figure
10.11(c) and this is illustrated schematically in Figure 10.11(d). As discussed for the
10PUi epoxy in Section 6.7, such features indicate that drawing and tearing of the PUi-
fumed silica agglomerates takes place. The diameter of the spherical agglomerates was
about 50% of the crack opening displacement at the fatigue threshold, CODth, which
suggests that this process is possible. During this process, nano-cavities are formed
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within the agglomerates, since the rubbery PUi-rigid fumed silica interface is a stress
concentration site. These nano-cavities induced plastic deformation of the epoxy at
the fatigue threshold, in addition to the agglomerated CSR particles.
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Figure 10.11: Fatigue fracture surface of the 10PUi5CSii epoxy polymer at the threshold.
283
Chapter 10: Hybrid tougheners – PUi, PUii and CSii tougheners
10PUi10CSii epoxy polymer
In general, the features on the fracture surfaces were very similar to those of the 10PUi
and 10PUi5CSii epoxy polymers. The spherical agglomerates of the PUi-fumed silica
particles were again observed in the 10PUi10CSii epoxy, as shown in Figure 10.12.
Nano-cavities were formed within such spherical agglomerates that induced plastic
deformation of the epoxy. Also, fibril-like features are observed in the non-spherical
agglomerates that indicate that these larger agglomerates also induce cavitation. The
interface of the PUi and fumed silica particles acts as a stress concentration site and
the cavities are formed.
As for most hybrid toughened epoxy polymers, the CSii particles formed micrometre-
sized agglomerates. Figure 10.12 shows that these CSii particles cavitate and the
epoxy undergoes plastic void growth even when agglomerated. The average diameter
of these voids was 50±10 nm, which is comparable to the value of 52±11 nm for the
10CSii epoxy (see Section 8.7).
The plastic void growth mechanisms present in the 10PUi and 10CSii epoxies were both
present in the 10PUi10CSii epoxy. Therefore, one would expect that the combination
of the two tougheners would increase the overall fracture energy for the hybrid epoxy.
However, the quasi-static fracture energy of the 10PUi10CSii epoxy was significantly
lower than the values for the 10PUi and 10CSii epoxies. As discussed, the significantly
decreased value of σy may be responsible for this. The Huang and Kinloch model
[14] shows that the amount of energy absorbed by the plastic void growth of cavities
increases with increasing values of σy and εfc, i.e. increasing the area under the stress-
strain curve. For the 10PUi10CSii epoxy, the σy value was about 75% of those for the
10PUi and 10CSii epoxies, whilst the values of εfc for the three modified epoxies were
almost identical. Therefore, the amount of energy absorbed during the plastic void
growth of the cavities was less for the hybrid epoxy, and the resulting GIc value was
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Figure 10.12: Quasi-static fracture surface of the 10PUi10CSii epoxy polymer.
less than those of the 10PUi and 10CSii epoxies. Overall, the combination of the two
rubbery tougheners deteriorated the toughening effects.
For the 10PUi10CSii epoxy, the fatigue threshold fracture energy was more than dou-
bled when compared to the unmodified epoxy value. As for the other hybrid epoxies
possessing agglomerated CSR particles, it appears that the CSii particles were able
to cavitate and induce plastic void growth of the epoxy at the fatigue threshold (see
Figure 10.13). As mentioned earlier, the level of strain required for cavitation was
decreased due to the increased size of the rubbery phase [72], i.e. the agglomerates
behaved like single micrometre-sized particles.
The spherical agglomerates of the PUi-fumed silica particles once again promoted
micrometre-sized cavitation, as shown in Figure 10.13(a). In addition to the micrometre-
sized cavities, Figure 10.13(b) shows the ‘fibrils’ and the nano-cavities that were formed
within the larger agglomerates even at the fatigue threshold, as observed for the 10PUi
285
Chapter 10: Hybrid tougheners – PUi, PUii and CSii tougheners
epoxy (see Section 6.7). Furthermore, a peak is observed in the central region of the
spherical agglomerate in Figure 10.13(b), which suggests that the micrometre-sized ag-
glomerates are drawn until fracture, and nano-cavities within the spherical agglomerate
are formed during this process.
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Figure 10.13: Fatigue fracture surfaces of the 10PUi10CSii epoxy polymer at the threshold.
Whilst it is important to maintain a relatively high level of σy to maximise the energy
absorbed via the plastic void growth mechanism, it is also important that the rubbery
particles cavitate in the first place. Without cavitation, plastic void growth of the epoxy
cannot be induced. The applied load at the fatigue threshold is typically very small,
and therefore, it is advantageous to decrease the σy value in order for nano-particles to
cavitate. For a given level of applied load, more strain will be exerted on the rubbery
particles when the tensile yield strength of the epoxy is decreased. Therefore, the
significantly lower value of σy was advantageous at the fatigue threshold.
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10PUii10CSii epoxy polymer
Morphological studies of the 10PUii10CSii epoxy showed that the CSii particles were
agglomerated and that the PUii toughener formed a nano-phase. Compared to the
PUi nano-particles in the previous hybrid epoxies, the PUii nano-particles were longer
(up to 90 nm) and were well dispersed. The quasi-static fracture surface of the
10PUii10CSii epoxy presented in Figure 10.14 reveals that the rubbery cores of the
CSii particles undergo cavitation and induce plastic void growth. The average void di-
ameter was 52±12 nm. Nano-cavitation was also induced by the well dispersed rubbery
PUii nano-particles, as indicated by the arrows in Figure 10.14. These nano-cavities
were clearly smaller than the voids in the CSR particles, as was observed for the 10PUii
epoxy in Section 6.7.
The significantly decreased value of σy for the 10PUii10CSii epoxy was both positive
and negative in the present case. To elaborate, the worm-like PUii particles ranged
up to about 90 nm in length, but the width/thickness of the phase was typically less
than 10 nm. The level of strain to cavitate these small PUii particles is greater than
for the relatively larger CSR particles [72]. Therefore, decreasing the σy value enabled
cavitation of the PUii nano-particles, as explained earlier. On the other hand, the
negative influence is that the energy absorbed during the plastic void growth process
decreases with decreasing σy value. Overall, there is a trade-off between the cavitation
mechanism and the amount of energy absorbed via plastic void growth, as the value of
σy varies. It must be also noted that the εfc value was about 145% of the unmodified
epoxy value, which means that the epoxy is able to undergo a greater amount of
elongation before fracture. Overall, the positive and the negative influences arising
from the decreased value of σy and the increased value of εfc were balanced out and
the 10PUii10CSii epoxy exhibited a similar value of GIc compared to the 10PUii and
10CSii epoxy polymers.
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Figure 10.14: Quasi-static fracture surface of the 10PUii10CSii epoxy.
The fatigue threshold fracture energy of the 10PUii10CSii epoxy was outstanding, and
was almost 300% of the Gth value for the unmodified epoxy polymer. The fracture
surface at the threshold in Figure 10.15(a) shows the agglomerated CSii particles that
have undergone cavitation and induced plastic void growth. Compared to the 10CSii
epoxy, where the well dispersed CSii nano-particles were not able to cavitate, the CSii
particles in the agglomerates were able to undergo cavitation. As explained earlier, this
was because the agglomerates act as single micrometre-sized particles and the amount
of strain required for cavitation decreased [72].
Furthermore, Figure 10.15(b) shows the presence of the PUii particles that cavitated
and induced plastic void growth of the epoxy even at the fatigue threshold. Compared
to the quasi-static fracture surface in Figure 10.14, these PUii-induced nano-voids were
not as evident, but nevertheless present. Such a cavitation process was possible due
to the different moduli of the PUi particles and the epoxy polymer, and also due to
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the significantly decreased value of σy, as explained earlier. Overall, the 10PUii10CSii
epoxy was toughened at the fatigue threshold via cavitation and plastic void growth
mechanisms that were induced by the PUii and CSii particles.
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(a) Cavitation of agglomerated CSR particles.
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(b) Cavitation of the PUii nano-particles.
Figure 10.15: Fatigue fracture surfaces of the 10PUii10CSii epoxy at the threshold.
The Huang and Kinloch model [14] was used to estimate the amount of energy ab-
sorbed during the plastic void growth, ∆Gv, of the epoxy induced by a cavity (see
Section 8.8.2). Using the properties of the unmodified, 10PUi and 10PUii epoxies, the
properties of the 10CSii, 10PUi10CSii and 10PUii10CSii epoxies were estimated, re-
spectively. For the 10CSii epoxy, a single cavity is estimated to contribute 7.8 mJ/m2
towards the toughening of the epoxy by inducing plastic void growth, but the ∆Gv
value is estimated to be 7.5 mJ/m2 for the 10PUi10CSii epoxy. This agrees with the
observation that no synergy was observed when the PUi and CSii tougheners are
combined, due to the significantly decreased σy and unchanged εfc values. For the
10PUii10CSii epoxy, the estimated ∆Gv value was increased to 8.4 mJ/m
2, because
the εfc value was increased significantly. This supports the fact that the GIc value was
greater for the 10PUii10CSii epoxy when compared to the 10PUi10CSii epoxy.
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10.8 Concluding Remarks
Combinations of the polyether-based polyurethane, PUi, poly(propylene glycol)-based
polyurethane, PUii, and core-shell rubber type ii, CSii, tougheners were investi-
gated. Important properties of the hybrid toughener epoxy polymers, 10PUi5CSii,
10PUi10CSii and 10PUii10CSii, are presented in Table 10.6 and in Figure 10.16.
The glass transition temperature, Tg, of the epoxy phase was not influenced by the
CSR particles, and the PUi and PUii tougheners only slightly decreased the Tg. The
CSii particles formed micrometre-sized agglomerates in the hybrid toughened epoxies,
due to the secondary phase of either PUi or PUii. The PUi nano-particles were either
well dispersed or formed agglomerates with the fumed silica, as already seen for the
10PUi epoxy. The PUii toughener formed a well dispersed nano-phase, which was
identical to the morphology of the 10PUii epoxy.
No synergy in the quasi-static fracture energies was observed for the 10PUi5CSii and
10PUi10CSii epoxies, when compared to the 10PUi and 10CSii epoxies. Even though
the plastic void growth mechanism induced by the micro- and nano-cavitation was
present in the two hybrid epoxies, the significantly decreased value of σy and the
unchanged value of εfc meant that a lesser amount of energy was absorbed during the
plastic deformation process, i.e. the area under the stress-strain curve was decreased.
For the 10PUii10CSii epoxy, the GIc value was similar to those of the 10PUii and
10CSii epoxies. The σy value was decreased for this hybrid epoxy, but was compensated
for by the significantly increased value of εfc.
The fatigue fracture energies at the threshold, Gth, were increased significantly for
all the hybrid toughened epoxies compared to the unmodified epoxy value. The ag-
glomeration of the CSR particles was beneficial, because the strain required to initiate
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cavitation of these rubbery particles was decreased by increasing the size of the rubbery
region [72]. Furthermore, the significantly decreased value of σy allowed for cavitation
to occur even for the relatively smaller PUii particles at the fatigue threshold. Unlike
for the quasi-static loading conditions, the low values of σy were beneficial at the fa-
tigue threshold, given that the applied level of strain is relatively small, and that the
cavitation process is a prerequisite for the plastic void growth mechanism.
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Figure 10.16: Quasi-static and fatigue fracture properties of hybrid epoxy polymers.
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Chapter 11
Hybrid tougheners:
polysulfide and core-shell rubber
particles
11.1 Introduction
When the difunctional epoxydised polysulfide toughener, PS, was used as the only
modifier in the 10PS epoxy (Chapter 6), most of the material properties were un-
changed from those of the unmodified epoxy polymer. However, the PS toughener
was able to increase the true compressive strain at failure without decreasing the yield
stress. Therefore, core-shell rubber particles were added to the PS-modified epoxy
polymer with an aim to induce further growth of the cavities. The hybrid toughener
epoxy polymers investigated in the present Chapter are presented in Table 11.1.
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Table 11.1: Hybrid epoxy polymers containing a combination of PS and CSii tougheners.
# Name wt.% Toughener 1 wt.% Toughener 2
27 10PS10CSii 10 PS and 10 CSii
28 10PS18.75CSii 10 PS and 18.75 CSii
29 20PS15CSii 20 PS and 15 CSii
30 45PS10CSii 45 PS and 10 CSii
PS – Difunctional epoxydised polysulfide.
CSii – CSR toughener, styrene-butadiene-core/PMMA-shell. Nominal diameter of 100 nm.
11.2 Glass Transition Temperatures
The glass transitional properties of the modified epoxy polymers containing a single
type of toughener were described in Sections 6.2 and 8.2. The present Section will
describe the DMTA results for the hybrid epoxy polymers containing both PS and
CSii tougheners.
10PS10CSii epoxy polymer
The glass transition of the 10PS epoxy polymer was at 105◦C, which was a significant
decrease from the 132◦C of the unmodified epoxy. The 10PS10CSii epoxy polymer
exhibited an identical value of Tg (104±3◦C), as presented in Figure 11.1(a). Given
that the Tg of the pure PS is −30◦C [184], the Fox equation estimates that the entire
10 wt.% of the PS toughener has dissolved in the epoxy polymer. The secondary peak
was only shifted slightly from the −68◦C of the unmodified epoxy polymer to a value
of −64◦C. A peak corresponding to the presence of the styrene-butadiene-cores (Tg of
styrene-butadiene is about −55◦C [119]) was not clearly present.
10PS18.75CSii epoxy polymer
The tan(δ) characteristic of the 10PS18.75CSii epoxy polymer is presented in Figure
11.1(b). The Tg was measured at 101±2◦C, which was similar to that of the 10PS and
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10PS10CSii epoxy polymers. One noticeable difference from the previous hybrid epoxy
polymer was that the tan(δ)-temperature curve was a little bit more ‘bumpy’ in the
sub-zero temperature region. It is possible that such a curve is created by the presence
of the styrene-butadiene core of the CSii particles, but not conclusive, as this could
arise from experimental noise.
0.8
0.6
0.4
0.2
0.0
ta
n(
δ)
-100 -50 0 50 100 150 200 250
Temperature (°C)
104 °C 
-64 °C 
(a) 10PS10CSii.
0.8
0.6
0.4
0.2
0.0
ta
n(
δ)
-100 -50 0 50 100 150 200 250
Temperature (°C)
101 °C 
-64 °C 
(b) 10PS18.75CSii.
Figure 11.1: DTMA results of hybrid epoxy polymers containing PS and CSii tougheners.
20PS15CSii epoxy polymer
The 20PS15CSii epoxy polymer exhibited a further decrease in the value of Tg, which
was measured at 77±2◦C as presented in Figure 11.2(a). Using the properties of the
pure PS and the unmodified epoxy polymer, the entire amount of the PS toughener
is calculated to have dissolved in the epoxy. This is consistent with the observations
from the previous PS-modified epoxy polymers, where the PS toughener has remained
in solution. The secondary peak was measured at a temperature of −58◦C and this
may indicate the presence of the styrene-butadiene copolymer phase of the CSii par-
ticles.
45PS10CSii epoxy polymer
The 45PS10CSii epoxy polymer contained 45 wt.% of the PS toughener and 10 wt.%
of the CSii toughener. The DMTA results are presented in Figure 11.2(b) and the
Tg was measured at 42±2◦C. Given that the Tg of the pure PS toughener is −30◦C
[184], and assuming that all of the PS toughener has dissolved, the expected Tg for
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the 45PS10CSii epoxy polymer is about 30◦C. However, the actual Tg was about 10◦C
greater than the expected value, which indicates that the epoxy polymer is saturated
with the PS toughener and the insoluble amount of the PS has phase separated.
Calculations show that only about 75% of the added PS toughener has remained in
solution. This is supported by the secondary peak observed at −37◦C in Figure 11.2(b),
which is indicative of the PS-phase.
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Figure 11.2: DTMA results of hybrid epoxy polymers containing PS and CSii tougheners.
The cured plates of the 45PS10CSii hybrid epoxy polymer were rubbery at room
temperature and were easily deformed. The heat created by the friction during the
machining of the cured sheets caused the material to melt and precise manufacturing
of the samples was not possible. Therefore, it was decided to terminate any further
investigations of the 45PS10CSii epoxy polymer.
11.3 Morphologies
The morphology of the 10PS epoxy was found to be homogeneous in Section 6.3, and
the CSii particles were well dispersed in the 10CSii epoxy (Section 8.3). The resulting
morphologies of the combinations of these two tougheners are described in the present
Section.
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10PS10CSii epoxy polymer
The DMTA results indicated that the PS toughener in the 10PS10CSii epoxy is dis-
solved in the epoxy, and the AFM images in Figure 11.3 agree. Only the secondary
phase of the CSii particles was observed, and unlike the majority of the hybrid epoxy
polymers studied in the previous Chapters, the present hybrid epoxy exhibited a good
degree of dispersion of the CSR particles. This was as expected, because the mor-
phology of the 10PS epoxy polymer (Section 6.3) was shown to be identical to the
unmodified epoxy. The average core diameter of the CSii particles was measured to
be 54±15 nm, which is comparable to the 51±17 nm from the 10CSii epoxy.
1 μmCutting direction
(a) Height.
1 μm
Well dispersed
CSR particles
(b) Phase.
Figure 11.3: AFM images of the 10PS10CSii epoxy polymer.
10PS18.75CSii epoxy polymer
The 10PS18.75CSii epoxy polymer contained a significantly greater amount of the
CSR particles and the resulting morphology is shown in Figure 11.4. The hybrid epoxy
polymer appears to be congested with the CSii particles, and a major portion of the
phase image is occupied by the rubbery core of the CSii particles. Agglomeration
of the CSR particles was not observed, and the average diameter of the cores was
measured to be 51±13 nm. The 10 wt.% of the PS toughener was again dissolved in
the epoxy polymer.
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20PS15CSii epoxy polymer
The morphology of the 20PS15CSii epoxy polymer is presented in Figure 11.5. The
CSR particles were again well dispersed, which was consistent with the two previous
hybrid epoxy polymers. The average diameter of the rubbery cores was 54±15 nm.
The addition of 20 wt.% of the PS toughener had no influence on the morphology,
and the PS remained in solution in the epoxy polymer as indicated by the DMTA
results.
1 μmCutting direction
(a) Height.
1 μm
'Overfilled' with
CSR particles
(b) Phase.
Figure 11.4: AFM images of the 10PS18.75CSii epoxy polymer.
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Figure 11.5: AFM images of the 20PS15CSii epoxy polymer.
Table 11.2 summarises the glass transition temperatures and the morphologies of the
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hybrid toughener epoxy polymers discussed in the present Chapter.
Table 11.2: Summary of the glass transition temperatures, Tg, and the morphologies of hybrid epoxy
polymers, 10PS10CSii, 10PS18.75CSii, 20PS15CSii and 45PS10CSii.
# Name Tg [
◦C] Core ø [nm] Morphology
1 Unmodified 132 N/A Fumed silica aggregates randomly dis-
persed. Diameter of primary particle
was 30 nm. Some micrometre-sized
spherical agglomerates of fumed silica.
Occasional air bubbles.
27 10PS10CSii 104 54 ± 15 CSii particles well dispersed. PS dis-
solved in epoxy.
28 10PS18.75CSii 101 51 ± 13 Congested with CSii particles, but still
well dispersed. PS dissolved in epoxy.
29 20PS15CSii 77 54 ± 15 CSii particles well dispersed. PS dis-
solved in epoxy.
30 45PS10CSii 42 Too soft at room temperature for AFM analysis.
11.4 Tensile and Compressive Mechanical
Properties
Table 11.3 and Figure 11.6 present the tensile and compressive properties of the hybrid
epoxy polymers. These properties will be described in relation to those of the 10PS
and 10CSii epoxy polymers, as described in Sections 6.4 and 8.4, respectively.
10PS10CSii epoxy polymer
The Young’s modulus of the 10PS10CSii epoxy polymer was decreased by about 20%
from the unmodified epoxy value, and was 2.88 ± 0.05 GPa. The presence of the PS
toughener alone (i.e. the 10PS epoxy) was found to have no significant influence on the
modulus of the epoxy, and thus, the modulus of the hybrid epoxy was decreased due
to the rubbery CSii particles. In Section 6.4, it was shown that the true tensile yield
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Table 11.3: Young’s modulus, E, true tensile yield stress, σy, true compressive strain at fracture, εfc,
and occurrence of strain softening.
# Name
E σy εfc Strain
[GPa] [MPa] [mm/mm] softening?
1 Unmodified 3.53 ± 0.09 93 ± 8 0.85 No
27 10PS10CSii 2.88 ± 0.05 64 ± 1 0.93 Yes
28 10PS18.75CSii 2.20 ± 0.10 48 ± 0 1.08 Likely
29 20PS15CSii 2.45 ± 0.03 52 ± 0 1.43 Yes
stress, σy, of the epoxy was not influenced by the PS toughener, and in Section 8.4,
the presence of the CSii particles decreased the yield stress significantly. Indeed, the
value of σy of the 10PS10CSii epoxy was similar to that of the 10CSii epoxy, and was
64±1 MPa. The true compressive strain at failure, εfc, of the 10PS10CSii epoxy was
0.93 mm/mm, which was only slightly less than the values measured for the 10PS and
10CSii epoxies. Strain softening was observed after yielding for the 10PS epoxy and
this was also observed for the 10PS10CSii epoxy as shown in Figure 11.7.
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Figure 11.6: Young’s modulus, E, and true tensile yield strength, σy, of the 10PS10CSii,
10PS18.75CSii and 20PS15CSii epoxy polymers.
10PS18.75CSii epoxy polymer
The modulus of this hybrid epoxy was decreased further to 2.20±0.10 GPa, when addi-
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tional rubbery CSii particles were added. The σy value was also decreased significantly
for the 10PS18.75CSii epoxy, and was 48±0 MPa. The value of εfc was increased by
about 25% compared to the unmodified epoxy value, which was also greater than those
of the 10PS, 10CSii and 10PS10CSii epoxies. The main difference between the two
hybrid epoxies discussed so far was the amount of the CSii particles, which must be
the reason for such decreased values of the modulus and σy, and for the increased value
of εfc. Possible strain softening was observed during the plane strain compression test
as presented in Figure 11.7.
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Figure 11.7: True compressive stress-strain relationships of the hybrid modified epoxy polymers
containing PS tougheners and CSii particles.
20PS15CSii epoxy polymer
The modulus of the 20PS15CSii epoxy polymer was 2.45±0.03 GPa. A 20PS epoxy
was not investigated, but the influence of the PS toughener on the modulus has been
shown to be insignificant. Therefore, the moduli of the hybrid epoxies discussed in the
present Chapter decreased with increasing concentration of the CSii particles. The
true tensile yield stress exhibited an identical relationship, and the value of σy for the
20PS15CSii epoxy was 52±1 MPa. Unlike the E and σy values, the true compressive
strain at failure appears to be more influenced by the PS toughener than the CSii
particles. The hybrid epoxy with the greatest amount of PS exhibited the highest
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value of εfc. The εfc value for the 20PS15CSii epoxy was increased to 1.43 mm/mm,
which was about 170% of the unmodified epoxy value. This is likely to be because the
PS toughener dissolves in the epoxy and decreases the Tg value significantly, which
means that the cross-link density is also decreased. Thus, the polymer chains can more
easily manoeuvre in the material and withstand a greater amount of elongation. Figure
11.7 presents the plane strain compression test data, where a strain softening region is
observed.
11.5 Quasi-static Fracture Properties
The quasi-static fracture properties of the hybrid toughened epoxy polymers, as pre-
sented in Table 11.4 and in Figure 11.8, are described in the present Section.
Table 11.4: True tensile yield stress, σy, mode I fracture toughness, KIc, mode I fracture energy, GIc
and plastic zone diameter, dy.
# Name
σy KIc GIc dy
[MPa] [MPa·m0.5] [J/m2] [µm]
1 Unmodified 93 ± 8 1.41 ± 0.12 494 ± 81 24 ± 4
27 10PS10CSii 64 ± 1 2.32 ± 0.11 1650 ± 242 139 ± 8
28 10PS18.75CSii 48 ± 0 2.34 ± 0.09 2200 ± 165 249 ± 10
29 20PS15CSii 52 ± 0 2.88 ± 0.03 2970 ± 70 331 ± 4
10PS10CSii epoxy polymer
The value of GIc measured for the 10PS10CSii epoxy polymer was 1650±242 J/m2,
which was about 300% of the 494 J/m2 for the unmodified epoxy. This was a significant
improvement compared to the GIc value of the 10PS epoxy, but was only about 65%
of the 10CSii epoxy value. This results show that the combination of the two types of
the tougheners is not beneficial. The reasons for such a behaviour will be investigated
in Section 11.7.
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10PS18.75CSii epoxy polymer
For the 10PS18.75CSii epoxy, the concentration of the CSii particles was maximised
(i.e. 18.75 wt.%). The resulting value of GIc was 2200±165 J/m2, which was slightly
lower than that of the 10CSii epoxy (i.e. 2540±224 J/m2). Compared to the 10PS10CSii
epoxy, this was a significant increase and is thought to be due to the higher weight
content of the CSii particles. For a given size of a plastic yield zone, a greater number
of particles will be present for the 10PS18.75CSii epoxy compared to the 10PS10CSii
epoxy, and will induce more plastic deformation. The fracture surfaces will be exam-
ined in the later Section to investigate the toughening mechanisms.
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Figure 11.8: Mode I fracture toughness, KIc, and mode I fracture energy, GIc, of the 10PS10CSii,
10PS18.75CSii and 20PS15CSii epoxy polymers.
20PS15CSii epoxy polymer
The 20PS15CSii epoxy polymer contained the greatest amount of the PS toughener,
and the quasi-static fracture energy increased to 2970±70 J/m2, which was about
600% of the unmodified epoxy value. Compared to the 10CSii, 10PS10CSii and
10PS18.75CSii epoxies, this hybrid epoxy exhibited superior quasi-static fracture prop-
erties. The relatively large amount of the CSii particles and the significantly increased
true compressive strain at failure must have contributed towards the significantly in-
creased value of GIc. The εfc value for the 20PS15CSii epoxy was the highest observed
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for any modified epoxy, and this would have enabled the cavities to grow significantly
in size.
11.6 Cyclic-fatigue Properties
The previous two Chapters revealed that the agglomeration of the CSR particles was
beneficial under cyclic-fatigue loading. However, the hybrid toughened epoxy polymers
in the present Chapter possessed well dispersed CSR particles, and the influence of such
morphologies on the cyclic-fatigue properties is described.
Table 11.5: Static fracture energy, GIc, fatigue threshold fracture energy, Gth, ratio Gth/GIc and the
Paris Law parameter, m.
# Name
GIc Gth Gth/GIc m
[J/m2] [J/m2]
1 Unmodified 494 ± 81 153 ± 10 0.31 9.2 ± 0.8
27 10PS10CSii 1650 ± 242 148 ± 9 0.09 4.7 ± 0.3
28 10PS18.75CSii 2200 ± 165 246 ± 21 0.25 4.5 ± 0.5
29 20PS15CSii 2970 ± 70 302 ± 16 0.10 4.3 ± 0.4
10PS10CSii epoxy polymer
The fatigue threshold fracture energy, Gth, of the 10PS10CSii epoxy was unchanged
from the unmodified epoxy value. The threshold was at 148±9 J/m2, and the Paris
Law parameter, m, was decreased significantly to 4.7±0.3 from the 9.2±0.8 of the
unmodified epoxy. Such characteristics in Figure 11.9 were similar to the cyclic-fatigue
properties of the CSR-only modified epoxies, where the measured fatigue threshold was
not influenced significantly and only the gradient was decreased. In Section 8.6, the
well dispersed CSR particles were not able to improve the fatigue threshold properties
of the epoxy and such an observation was true in the present case, due to the identical
morphologies.
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10PS18.75CSii epoxy polymer
The morphology of the 10PS18.75CSii epoxy was identical to that of the 10PS10CSii
epoxy, but contained more CSii particles. This was beneficial at the fatigue threshold,
as the Gth value was increased to 246±21 J/m2, which was about 160% of the unmodi-
fied epoxy value. The additional rubbery particles must be the reason for this increase,
because the only difference compared to the 10PS10CSii epoxy was the weight content
of the CSii particles. The gradient of the linear region in Figure 11.9 was decreased
to 4.5±0.5.
Becu et al. [36] also investigated the fatigue properties of CSR-modified epoxies, which
agreed with the present study. Their Gth values were not affected up to 9.5 vol.%
of CSR particles (i.e. as for the 10PS10CSii epoxy). However, the Gth values were
increased twofold compared to a neat epoxy when 17.5 vol.% and 24 vol.% of CSR
particles were used (i.e. similar to 10PS18.75CSii).
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Figure 11.9: Fatigue crack growth rate vs. maximum applied fracture energy in a cycle of the
10PS10CSii, 10PS18.75CSii and 20PS15CSii epoxy polymers. (*Data logger was shut down tem-
porarily for the 10PS10CSii epoxy.)
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20PS15CSii epoxy polymer
The fatigue threshold was at 302±16 J/m2 for the 20PS15CSii epoxy, which was about
200% of the Gth value for the unmodified epoxy. The gradient of the linear fatigue prop-
agation region was 4.3±0.4, which was similar to those measured for the 10PS10CSii
and 10PS18.75CSii epoxies. If the fatigue threshold properties were only influenced by
the weight content of the CSii particles, then the 10PS18.75CSii epoxy would exhibit
the highest value of Gth. This was not true in the present study and this indicates that
the greater amount of the PS toughener in the 20PS15CSii epoxy have induced more
toughening at the fatigue threshold.
11.7 Toughening Mechanisms
The quasi-static and cyclic-fatigue fracture surfaces of the hybrid toughened epoxy
polymers were examined and the toughening mechanisms are discussed below.
10PS10CSii epoxy polymer
Figure 11.10 presents the quasi-static fracture surface of the 10PS10CSii epoxy, which is
very similar to the fracture surface of the 10CSii epoxy in Section 8.7. However, the GIc
value of the hybrid epoxy was inferior compared to the 10CSii epoxy value. The average
diameter of the voids was 43±12 nm, which was smaller compared to the 52±11 nm
from the 10CSii epoxy, and this agrees with the values of GIc for the two epoxies. The
difference in the fracture energies cannot arise from their morphologies, because the
10CSii and 10PS10CSii epoxies possessed an identical morphology. The PS toughener
dissolved in the epoxy and formed a homogeneous phase, in which the CSii particles
were well dispersed, as for the 10CSii epoxy. It would appear that the inferior GIc
value was caused by the decreased values of σy and εfc for the hybrid epoxy polymer.
These two properties were decreased by about 5% when compared to the values for
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the 10CSii epoxy, and this effectively means that the area under the stress-strain curve
has been decreased. Even though the differences may not be significant considering
the experimental scatter, such material properties suggest that the 10PS10CSii epoxy
is likely to exhibit an inferior GIc value. The material properties of the 10CSii and
10PS10CSii epoxies were used in the Huang and Kinloch model [14] to estimate the
toughening contribution induced by a single cavity. The energy absorbed during plastic
void growth of the epoxy induced by a single cavity in the hybrid epoxy was 12% less
than that estimated for the 10CSii epoxy. Such a prediction via analytical modelling
confirms that the lower values of σy and εfc result in a decreased GIc value.
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Figure 11.10: Quasi-static fracture surface of the 10PS10CSii epoxy polymer.
Figure 11.11 presents the fatigue fracture surface of the 10PS10CSii epoxy at the
threshold, and such a fracture surface was already observed for the CSR-only modified
epoxy polymers in Section 8.7. Cavitation of the CSii particles was very rare and only
a few fractured particles are shown in Figure 11.11. The diameter of these fractured
307
Chapter 11: Hybrid tougheners – PS and CSii tougheners
particles was typically equal to or less than the original unfractured diameter of the
cores (i.e. 40±11 nm). This indicates that a small number of particles may cavitate
but not necessarily induce plastic void growth. Since the PS toughener dissolves in
the epoxy to form a homogeneous phase, no additional toughening mechanism was
induced by the PS. The fatigue threshold values of the hybrid, 10PS and 10CSii
epoxies were not changed significantly from the unmodified epoxy value. Such an
observation supports the fact that 10 wt.% of the CSii particles cannot toughen the
epoxy at the fatigue threshold when they are well dispersed. The applied level of strain
at the fatigue threshold was insufficient to cavitate the CSR particles [72].
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Figure 11.11: Fatigue fracture surface of the 10PS10CSii epoxy polymer at the threshold.
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10PS18.75CSii epoxy polymer
The quasi-static fracture surface of the 10PS18.75CSii epoxy is presented in Figure
11.12. The CSii particles have once again undergone cavitation and plastic void
growth, and the average diameter of the voids was 44±13 nm. This was similar to
the 10PS10CSii epoxy value (i.e. 43±12 nm), but the value of GIc measured for the
10PS18.75CSii epoxy was greater. This can be explained by the fact that the concen-
tration of the CSii particles in the 10PS18.75CSii epoxy was significantly higher than
that in the 10PS10CSii epoxy. Even though the voids grow to a similar size in the two
hybrid epoxies, there are about 90% more particles in the 10PS18.75CSii epoxy to in-
duce plastic void growth. The value of σy was decreased by 25% and the εfc value was
increased by about 15% for the 10PS18.75CSii epoxy compared to the 10PS10CSii
epoxy values. Due to the decreased value of σy, the amount of energy absorbed by
plastic void growth of a single cavity may have decreased. However, the significantly
greater concentration of the CSii particles means that the overall amount of tough-
ening induced by the CSii particles was considerably greater in the 10PS18.75CSii
epoxy.
The fatigue threshold was increased by about 60% from the unmodified epoxy value.
The fatigue fracture surfaces in Figure 11.13 show only a few cavities. Instead, many
‘bruise-like’ particles are observed as indicated in Figure 11.13(b), and the average
diameter was 43±10 nm. A cavity, which is typically shown by a clear dark circle
on the FEGSEM image, was not observed within these bruises. This means that the
cavitation of the particles does not take place at the fatigue threshold, but tearing of
the rubbery particles may take place and create such bruises. Becu et al. [36] also
showed that the Gth value of an epoxy was increased when 24 vol.% of CSR was used,
but cavitation was not observed.
While a relatively high value of σy is important when the plastic void growth mechanism
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Figure 11.12: Quasi-static fracture surface of the 10PS18.75CSii epoxy polymer.
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Figure 11.13: Fatigue fracture surface of the 10PS18.75CSii epoxy polymer at the threshold.
is present, a low σy can be advantageous when such a mechanism is absent. The value of
σy was decreased significantly for the 10PS18.75CSii epoxy, and this possibly increased
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the plastic yield zone size that blunts the crack tip [36, 100]. Furthermore, Azimi et
al. [100] also suggested that a contact shielding mechanism may be present, as crack
closure can be induced by the rubber particles. Considering that the minimum value
of CODth (i.e. the CODth value corresponding to Gmin at the threshold) is typically
about 1 μm, such a crack closure mechanism may take place. Figure 11.14 illustrates
schematically how the blunting and closure mechanisms decrease the range of the actual
strain experienced by the samples.
(a) Shielding via blunting. (b) Shielding via closure. (c) Overall eﬀect.
Figure 11.14: Crack shielding mechanism induced by crack blunting and closure [100].
20PS15CSii epoxy polymer
The plastically deformed cavities in the 20PS15CSii epoxy were visibly larger compared
to the previous two hybrid epoxy polymers. The average diameter of the cavities in
Figure 11.15 was 86±28 nm, which was about 200% of the diameters from Figures
11.10 and 11.12. This was also signiﬁcantly greater than the average void diameter
measured for the 10CSii epoxy in Section 8.7. Considering the material properties,
the true compressive failure strain for the 20PS15CSii epoxy was signiﬁcantly greater
than for other CSii-modiﬁed epoxies. This means that the cavities were able to endure
a greater amount of elongation before fracture, and absorbed a signiﬁcant amount of
energy. Even though this hybrid epoxy contained less CSR particles compared to the
10PS18.75CSii epoxy, such large plastically deformed voids resulted in a greater value
of GIc. Compared to the 10CSii and 10PS10CSii epoxies, the concentration of the CSR
particles and the ﬁnal void diameter were both signiﬁcantly greater for the 20PS15CSii
epoxy, and thus, the GIc value was increased.
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Figure 11.15: Quasi-static fracture surface of the 20PS15CSii epoxy polymer.
The cyclic-fatigue threshold of the 20PS15CSii epoxy was increased twofold compared
to theGth value of the unmodified epoxy, and was also increased compared to the 10CSii
epoxy. Figure 11.16 presents the fracture surfaces at the threshold that are somewhat
different to those of the 10CSii epoxy in Section 8.7. Figure 11.16(b) shows that few
particles undergo cavitation and the majority of the particles tear, as indicated by the
‘bruise-like’ features. This is different to the 10PS10CSii epoxy, where the fatigue crack
propagates within the relatively brittle epoxy matrix, instead of fracturing the rubbery
particles due to a lower content of CSR. Comparing Figure 11.16 to Figures 11.11
and 11.13, the 20PS15CSii epoxy exhibits a rougher fatigue fracture surface and crack
closure mechanism may be present as explained earlier. Also, the significantly decreased
value of σy is likely to have induced crack blunting [100] (see Figure 11.14).
Several researchers (e.g. [99, 104]) have argued that hysteretic heating is generated
during fatigue testing and that this decreases the local yield stress and induces a greater
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plastic yield zone. Given that the Tg of the 20PS15CSii epoxy was significantly low
(i.e. 77◦C), this mechanism was considered. However, Hwang et al. [106] reported that
no hysteretic heating occurred for the epoxy polymer they employed. No significant
change in the temperature or in Gth was observed for testing frequencies of 1∼50 Hz in
their study. Therefore, the testing frequency that was employed in the present study
(i.e. 5 Hz) was not considered to be sufficient to increase the temperature at the crack
tip significantly.
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i  
i
Crack 
direction
r  
ir ti
(a) ×20k magnification.
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Figure 11.16: Fatigue fracture surface of the 20PS15CSii epoxy polymer at the threshold.
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11.8 Concluding Remarks
The polysulfide toughener, PS, always dissolved in the epoxy polymer and the glass
transition temperature was decreased significantly. The value of Tg was dependent
on the amount of the PS toughener, and not on the CSR particles. The degree of
dispersion of the CSR particles was not affected, and the particles were well dispersed
regardless of the weight content of either PS or CSii toughener in the epoxy.
The quasi-static fracture energy of the 10PS10CSii epoxy was inferior compared to the
CSii-only modified epoxy. This was because, the values of σy and εfc for the hybrid
toughener epoxy were decreased and could not absorb as much energy via plastic void
growth. The fatigue threshold fracture energy of the hybrid epoxy was not changed and
was similar to the unmodified epoxy value. The well dispersed CSii particles were not
able to induce any meaningful toughening mechanism at the fatigue threshold.
Increasing the content of the CSR particles, i.e. the 10PS18.75CSii epoxy polymer, was
beneficial under both quasi-static and cyclic-fatigue loading conditions. The number
of cavities was increased significantly that increased the overall energy absorbed via
plastic void growth. The Gth was increased by about 60% compared to the unmodified
epoxy value, and this was because the high concentration of the rubbery phase and the
significantly decreased value of σy was able to induce shielding by crack blunting and
closure mechanisms.
For the 20PS15CSii epoxy, the true compressive strain at failure was increased by
almost 70% compared to the unmodified epoxy, and by about 50% compared to the
10CSii epoxy. The cavity formed inside the CSR particles was able to undergo a
significantly greater amount of plastic deformation, and the value of GIc was increased
significantly. A twofold increase in the fatigue threshold fracture energy was observed
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Figure 11.17: Quasi-static fracture and cyclic-fatigue properties of the hybrid epoxy polymers.
compared to the unmodified epoxy value. Relatively large amount of CSR particles
and the decreased the value of σy caused crack blunting and closure mechanisms at the
fatigue threshold.
The addition of 45 wt.% of the PS toughener was excessive and decreased the Tg value
of the epoxy to 42◦C. The cured plates of the 45PS10CSii epoxy polymer were rubbery
at room temperature and were not machinable, and therefore, this hybrid epoxy was
not investigated further.
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12.1 Conclusions
The present study has investigated the toughening effects of various types of tougheners
on an epoxy polymer. The morphologies of the modified epoxy polymers have been
determined and their influence on the fracture and fatigue properties were identified.
Conclusions from Chapters 5 to 11 are summarised below and the quasi-static and
fatigue threshold fracture properties of the modified epoxy polymers are summarised
in Figure 12.1.
The properties of the tougheners and the details of the modified epoxy polymers con-
taining them are described in Tables 3.1 to 3.10, in Chapter 3.
12.1.1 Unmodified Epoxy Polymer
The unmodified epoxy polymer was a diglycidyl ether of bisphenol-A (DGEBA) cured
with dicyandiamide, and fumed silica was added to control the viscosity. The 30 nm
fumed silica formed ‘branch-like’ aggregates that ranged up to about 300 nm, which
were well dispersed. The glass transition temperature, Tg, of the cured epoxy polymer
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was 132◦C and the β transition temperature, Tβ, was −68◦C. The Young’s modulus,
E, was 3.53 GPa and the true tensile yield strength, σy, was 93 MPa. No sign of strain
softening was observed and the true compressive failure strain, εfc, was 0.85 mm/mm.
The mode I fracture energy, GIc, was 494 J/m
2, and the fracture surfaces revealed that
the fumed silica particles debonded from the epoxy and enabled limited plastic void
growth in the epoxy polymer. The value of the fatigue threshold fracture energy, Gth,
was 153 J/m2, as summarised in Figure 12.1.
12.1.2 Polymer-based Tougheners
Both types of the poly(propylene glycol) tougheners, PPGm and PPG, formed a
secondary phase that was up to 100 nm in length and 10 nm in width. The addition
of 5 wt.% of PPGm had no significant influence on the material properties nor on the
fracture behaviour (see Figure 12.1). When 10 wt.% of either toughener was employed,
the true tensile yield strength was decreased and this allowed a larger plastic yield zone
to be created, and increased the energy absorbed via debonding of the fumed silica
and the subsequent plastic void growth. Debonding of the PPGm and PPG particles
from the epoxy was also observed on the fracture surfaces, but was not considered to
be a major toughening mechanism. The values of GIc for the 10PPGm and 10PPG
epoxies were 889 and 1050 J/m2, respectively. The fatigue properties were, however,
not increased by the presence of either tougheners, as shown in Figure 12.1. This was
because the size of the secondary phase was extremely small and could not induce any
additional toughening mechanism, nor interfere with the propagation of the fatigue
crack.
The difunctional epoxydised polysulfide (PS) toughener had no influence on the mor-
phology, nor on most properties, such as E and σy. As presented in Figure 12.1, the
fracture properties were also unchanged. The only notable difference was that the Tg
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of the epoxy was decreased significantly to 105◦C and the εfc value was increased to
0.99 mm/mm. Also, strain softening was observed which is indicative of shear-band
plastic yielding being able to occur. Even though no significant changes in the values of
GIc and Gth were observed, this modified epoxy was investigated further by employing
additionally core-shell rubber particles to form a ‘hybrid’ epoxy polymer; due to the
increased failure strain and the occurrence of strain softening that was observed, as
summarised later in Section 12.1.7.
Polyethersulfone thermoplastics are known to have relatively high values of E and
Tg, and the addition of polyethersulfone, PES, indeed maintained high values of E
and Tg of the modified epoxy. Micrometre-sized spherical particles were formed and
some phase inversion was also observed. The PES-phase was brittle and no additional
toughening mechanism was induced, instead the quasi-static fracture energy was de-
creased, see Figure 12.1. The brittle PES-phase occupied a significant volume in the
epoxy that decreased the degree of dispersion of the fumed silica. Therefore, the en-
ergy absorbed by debonding of the fumed silica and the subsequent void growth was
decreased for the PES-modified epoxy polymer. At the fatigue threshold, debonding
of the spherical PES particles was observed, but this was insufficient to increase the
value of Gth.
The Tg of the epoxy polymer was not influenced by the addition of the polyether-based
polyurethane, PUi, toughener that phase separated. The Young’s modulus of the mod-
ified epoxy was decreased significantly to 2.40 GPa due to the rubbery PUi secondary
phase, which was found to be partially well dispersed and partially agglomerated with
the fumed silica. Such a morphology increased significantly the values of both GIc and
Gth, as presented in Figure 12.1. The main toughening mechanism was micro- and
nano-cavitation within the agglomerates of fumed silica-PUi particles under quasi-
static loading, which then enabled plastic void growth of the epoxy polymer to occur,
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and increased the value of GIc to 2320 J/m
2. Nano-cavities were formed within the
PUi-fumed silica agglomerates even at the fatigue threshold. It is suggested that, since
the PUi toughener was not functionalised, the occurrence of debonding and cavitation
was relatively likely. These nano-cavities enabled plastic void growth of the epoxy
polymer and increased the fatigue threshold fracture energy, Gth, to 380 J/m
2.
Poly(propylene glycol)-based polyurethane, PUii, was the most promising toughener
of the polymer-based tougheners. As shown in Figure 12.1, the values of GIc and
Gth increased to 2380 and 444 J/m
2, respectively. The PUii toughener formed a
well dispersed worm-like phase that ranged up to about 90 nm in length. The PUii
toughener was not functionalised, suggesting that the debonding of the particles from
the epoxy required a relatively low energy. Indeed, nano-cavities were induced by
debonding of these PUii particles, along with the fumed silica, which enabled plastic
void growth of the epoxy polymer to occur. Furthermore, the failure strain of the
PUii-modified epoxy was increased to 1.04 mm/mm, and the voids were therefore
able to undergo a greater elongation before fracture. Similar toughening mechanisms
were observed to be operative at the fatigue threshold, but to a lesser extent. Such
mechanisms shifted the data point of the 10PUii epoxy to the top-right in Figure 12.1.
This particular modified epoxy polymer, 10PUii, is considered to represent a major
advance resulting from the present study.
12.1.3 Block Copolymer Tougheners
Well dispersed worm-like micelles were formed when the PMMA-poly(butyl acrylate)-
PMMA,MAMi, block copolymer was added to the epoxy polymer. The epoxy-miscible
PMMA blocks bonded to the epoxy, whilst the epoxy-immiscible rubbery poly(butyl
acrylate) blocks formed a rubbery phase. The quasi-static fracture energy increased to
1480 J/m2, which was about 200% greater than that of the unmodified epoxy value.
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Debonding of the worm-like micelles and subsequent plastic void growth were identified,
but the unchanged value of εfc appeared to inhibit a further increase in the fracture
energy. The fatigue threshold properties were not changed, as presented in Figure
12.1. This was because the applied strains at the fatigue threshold were insufficient to
activate debonding of the block copolymer phase, and thus the void growth mechanism
was not operative.
The longer blocks of PMMA-poly(butyl acrylate)-PMMA, MAMii, toughener changed
the morphology to a ‘branch-like’ phase that was agglomerated with the fumed silica,
and that ranged up to about 2 µm in length. Increasing the molecular weight of the
block copolymer was not beneficial, and the value of GIc only increased to 721 J/m
2.
The debonding of the MAMii phase and subsequent plastic void growth of the epoxy
was the main toughening mechanism. At the fatigue threshold debonding of the rub-
bery phase was observed. However, the applied strains were insufficient to induce a
significant amount of plastic void growth and the value of Gth was not increased, see
Figure 12.1.
The PMMA-polybutadiene-polystyrene, MBS, block copolymer formed micrometre-
sized domains with the fumed silica that were up to about 1 µm in length. Cavities
were formed within the rubbery domains by debonding from the epoxy, that enabled
plastic void growth of the epoxy polymer. When such a secondary phase was well
dispersed (5MBSa), the value of GIc was increased to 1730 J/m
2. On the other hand,
when the degree of dispersion was very poor (5MBSc), the value of GIc was only
increased to 650 J/m2, as shown in Figure 12.1 (see 5MBSa, 5MBSb and 5MBSc).
Such observations confirm that the degree of dispersion of the block copolymer phase
is very critical. No toughening mechanisms were induced by these block copolymer at
the fatigue threshold, as was observed for all the modified epoxy polymers containing
block copolymers. Thus, no significant increase in the values of Gth were observed
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for the block copolymer tougheners, compared to the Gth for the unmodified epoxy
polymer.
12.1.4 Core-shell Rubber Particles
Polybutadiene-core (either 100 or 200 nm nominal diameter) and styrene-butadiene-
core (100 nm nominal diameter) core-shell rubber particles (CSR) were employed.
The rigid shells were formed of PMMA that were functionalised in order to form a
strong bond with the epoxy polymer. Since the CSR particles are preformed, they
remained a separate phase from the epoxy and did not influence the Tg of the epoxy
polymer. The rubbery particulate phase was well dispersed when the smaller (100 nm)
particles were employed, but the degree of dispersion decreased slightly for the larger
(200 nm) particles. The Young’s moduli of the modified epoxy polymers were decreased
significantly due to the rubbery phase, and were about 2.60 GPa when 10 wt.% of the
CSR particles was incorporated. These experimentally obtained values were predicted
quite accurately by the Halpin-Tsai and Lewis-Nielsen models.
All types of the CSR particles decreased the true tensile yield strength of the epoxy
polymer, which enabled a larger plastic zone to be formed. Under quasi-static loading,
CSR particles were found to undergo cavitation and induce plastic void growth of the
epoxy polymer. A maximum GIc value of 2540 J/m
2 was observed when 10 wt.% of
the styrene-butadiene-core particles was employed (10CSii). These particles increase
further the value of εfc of the epoxy compared to the polybutadiene-core particles,
enabling the voids that grow to experience a greater elongation before fracture. Hence,
the voids are able to grow more, and so repsent a relatively more energy absorbing
toughening mechanism. Further, 10 wt.% of the smaller polybutadiene-core particles
(10CSi) also increased the value of GIc significantly to 1940 J/m
2. Increasing the size of
the particles was found to be disadvantageous under quasi-static loading, and the value
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of GIc was only 1510 J/m
2 when 10 wt.% of the larger polybutadiene-core particles
were employed (10CSiii). It is suggested that this observation arises from the fact that
increasing the particle size decreases the number of particles incorporated in a given
volume. Therefore, fewer particles undergo cavitation and the energy absorbed via
plastic void growth is less. The Huang and Kinloch model over-predicted the values
of GIc, suggesting that not all the cavities undergo the maximum possible amount of
void growth.
The cavitation and plastic void growth mechanisms were not observed for the smaller
particles at the fatigue threshold, since the applied strains appeared to be insufficient
to cavitate the CSR particles. Figure 12.1 shows that the values of Gth for the three
CSR-modified epoxies with smaller particles, 5CSi, 10CSi and 10CSii, are not sig-
nificantly different from the unmodified epoxy value. Unlike for quasi-static loading,
increasing the size of the particles was beneficial at the fatigue threshold. This is be-
cause increasing the size of the particles decreases the strain required for cavitation,
and Gth was increased to 261 J/m
2 for the 10CSiii epoxy polymer.
12.1.5 Hybrid tougheners: poly(propylene glycol) and core-
shell rubber particles
The glass transition temperature of the hybrid toughened epoxies was governed by the
presence of the polymer-based tougheners (PPGm or PPG), since the CSR particles
always remained a separate rubbery phase from the epoxy. The morphologies formed
by the polymer-based toughener were identical to those of the single-toughener epoxy
systems. However, it was very noteworthy that when 5 wt.%, or more, of either PPGm
or PPG was present, agglomerates of CSR particles were formed that typically ranged
up to about 2 µm in diameter.
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Synergy was observed when the core-shell rubber with polybutadiene-core (CSi) was
employed with PPGm. The CSR agglomerates were significantly smaller than the
size of the plastic yield zone, and cavitation and subsequent plastic void growth was
the main toughening mechanism. Compared to the single-toughener epoxy systems,
the values of σy were not significantly changed but the failure strains were increased
significantly. This means that the area under stress-strain curve is increased, and
that the cavities absorbed more energy by experiencing a greater growth. The hybrid
toughened epoxies, 5PPGm5CSi and 10PPGm10CSi, exhibited GIc values of 1970 and
2830 J/m2, respectively. Thus, in Figure 12.1, the data points of these hybrid epoxies
are shifted significantly to the right compared to the single-toughener epoxies, 5PPGm,
10PPGm, 5CSi and 10CSi.
On the other hand, it was disadvantageous to use the styrene-butadiene-core CSR
particles (CSii) with PPGm or PPG. Plastic void growth induced by the cavities was
the main toughening mechanism, as the CSR agglomerates were significantly smaller
than the plastic yield zone size. However, the values of GIc were significantly less
than that of the 10CSii epoxy. This arises since, even though the values of εfc were
increased, the values of σy of the hybrid epoxy polymers were decreased significantly.
The overall effect was that the energy absorbed during the plastic void growth was
relatively lower, and the maximum value of GIc was only 1840 J/m
2. Figure 12.1 shows
that the data points of the hybrid epoxies, 4PPG10CSii, 10PPG10CSii, 5PPGm10CSii
and 10PPGm10CSii, are to the left of the 10CSii epoxy polymer. Therefore, it is
important to increase εfc, but whilst maintaining a sufficient yield strength to absorb
significant energy during plastic void growth.
Agglomeration of the CSR particles was a very important factor in increasing the fa-
tigue threshold fracture energy. The hybrid toughened epoxy polymers possessing CSR
agglomerates are indicated by a superscript ‘a’ in Figure 12.1. Comparing these data
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points to other modified epoxies containing 10 wt.% of well dispersed CSR particles, it
is clear that the values of Gth are greater for the epoxies possessing CSR agglomerates.
For example, the morphologies and the material properties of the 4PPG10CSii and
5PPGm10CSii were similar. However, the 4PPG10CSii epoxy possessed well dispersed
CSR particles and the value of Gth was only about 60% of that of the 5PPGm10CSii
epoxy that possessed CSR agglomerates. This intriguing observation appears to arise
from the fact that, whilst the applied strains at the fatigue threshold are insufficient to
cavitate the well dispersed nano-particles, the agglomerates act as single micrometre-
sized particles and cavitation was possible. Once the particles cavitate, the ability of
the epoxy to undergo plastic void growth is increased, and a maximum fatigue threshold
fracture energy of 327 J/m2 was measured.
12.1.6 Hybrid tougheners: polyurethane and core-shell rub-
ber particles
Polyurethane tougheners, either polyether-based (PUi) or poly(propylene glycol)-based
(PUii), were employed with styrene-butadiene-core CSR particles (CSii). The values
of Tg of the hybrid epoxy polymers were determined by the addition of the polyurethane
tougheners and the lowest value was 120◦C. As for the single-toughener epoxy systems,
the PUi toughener formed a nano-phase that was either well dispersed or agglomerated
with the fumed silica, and the PUii toughener formed a well dispersed nano-phase. The
CSR particles always formed agglomerates in these hybrid toughened epoxy polymers
that were typically up to about 2 µm in diameter.
These CSR particles cavitated and enabled plastic void growth of the epoxy polymer.
However, the values of σy of the hybrid epoxy polymers were decreased significantly
by the addition of PUi whilst the change in the εfc values was only relatively minor.
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Therefore, the energy absorbed during the plastic void growth was decreased and the
GIc value was only found to be increased only up to 1380 J/m
2. Comparing this to
the values for the 10PUi and 10CSii epoxies in Figure 12.1, the data points of the
10PUi5CSii and 10PUi10CSii epoxy polymers are shifted to the left.
When PUii was employed with the CSii particles, the tensile yield strength, σy, was
also significantly decreased but this was compensated for by the significantly increased
value of εfc, which showed about a 45% increase compared to the unmodified epoxy.
The value of GIc for the 10PUii10CSii epoxy was 2570 J/m
2, which is comparable to
the values for the 10PUii and 10CSii epoxy polymers, as shown in Figure 12.1.
Regardless of their quasi-static fracture properties, the values of the fatigue threshold
fracture energy, Gth, were increased for the hybrid epoxy polymers compared to the
unmodified epoxy. Considering only the CSR particles, the agglomeration of the CSR
particles was beneficial, as discussed above. The 10PUii10CSii hybrid epoxy exhibited
the greatest value of Gth of 438 J/m
2, which is about 230% of the 10CSii value and is
similar to that of 10PUii, see Figure 12.1. The applied strain required to cavitate the
rubbery particles was apparently decreased, and it is suggested that this arises since the
agglomerates act like single micometre-sized particles. Furthermore, the significantly
decreased value of σy allowed for cavitation to occur even for the relatively smaller non-
functionalised PUii particles at the fatigue threshold. In contrast to the quasi-static
loading conditions, the low values of σy were beneficial at the fatigue threshold, given
that the applied strains are relatively small.
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12.1.7 Hybrid tougheners: polysulfide and core-shell rubber
particles
The polysulfide toughener, PS, always dissolved in the epoxy polymer and the glass
transition temperature was decreased significantly, thus value of Tg was dependent on
the amount of the PS toughener added, and not on the core-shell rubber particles.
The CSR particles were always well dispersed in the hybrid epoxies, regardless of the
content of either PS or CSii toughener.
The combination of 10 wt.% of PS and 10 wt.% of CSii was disadvantageous. The
fracture energy of the 10PS10CSii hybrid epoxy was only 1650 J/m2, which is inferior
to the GIc value of 2540 J/m
2 for the 10CSii epoxy, see Figure 12.1. This was because
the values of both σy and εfc decreased, and hence the energy absorbed via plastic void
growth was decreased. The fatigue threshold fracture energy, Gth, of the 10PS10CSii
epoxy was not changed and was similar to that of the unmodified epoxy value, and
which is typical of a modified epoxy polymer possessing well dispersed CSR particles.
Thus, again, it is observed that the nano-sized CSii particles were not able to cavitate
at the fatigue threshold, where relatively low applied strains are experienced by the
nano-particles.
Increasing the weight content of the CSR particles to 18.75 wt.% was beneficial, and
the GIc of the 10PS18.75CSii epoxy was increased to 2200 J/m
2. Even though the yield
strength was decreased further due to such a high rubber content, presence of a higher
concentration of the CSR particles meant that more cavities were formed to induce
plastic void growth in the epoxy polymer. At the fatigue threshold, the significantly
decreased value of σy and the high rubber content enabled crack blunting mechanisms
and increased the Gth value somewhat to 246 J/m
2.
The value of εfc was increased to 1.43 mm/mm when 20 wt.% of PS and 15 wt.% of
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CSR particles were employed (20PS15CSii). This compensated for the considerably
low value of σy, and given that the CSR content was relatively high, the overall energy
absorbed during plastic void growth was increased and the value of GIc was increased
markedly to 2970 J/m2. Figure 12.1 shows that this hybrid epoxy exhibits the greatest
value of GIc of all the modified epoxy polymers developed in the present study. A
twofold increase in the fatigue threshold fracture energy was also observed compared
to the unmodified epoxy, even though the CSR particles were well dispersed.
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12.1.8 Concluding Comments
The morphologies formed by the different tougheners were identified and were associ-
ated with the corresponding toughening mechanisms. The quasi-static fracture prop-
erties were improved by the majority of the tougheners, however the fatigue threshold
values were only increased by a selection of the tougheners. The most noteworthy
modified epoxy polymers developed in the present study are summarised in Table
12.1.
Table 12.1: Properties of the unmodified epoxy polymer and noteworthy modified epoxy polymers.
Name
Tg E σy εfc GIc Gth
[◦C] [GPa] [MPa] [mm/mm] [J/m2] [J/m2]
Unmodified 132 3.53 93 0.85 494 153
10PUii 125 2.72 70 1.04 2380 444
10PPGm10CSi 116 2.56 76 1.02 2830 327
10PUii10CSii 120 2.41 55 1.22 2570 438
20PS15CSii 77 2.45 52 1.43 2970 302
PUii – Poly(propylene glycol)-based polyurethane
PPGm – A 46 wt.% of chain-extended and epoxy-terminated poly(propylene glycol) in a
DGEBA epoxy and dicyandiamide (masterbatch)
CSi – Polybutadiene-core, PMMA-shell core-shell rubber particles
CSii – Styrene-butadiene-core, PMMA-shell core-shell rubber particles
PS – Difunctional epoxydised polysulfide
These values of GIc and Gth of the modified epoxy polymers in Table 12.1 are compared
to some commercial epoxies in Figure 12.2. Even though the experimental details and
the test conditions are not directly always comparable, this Figure shows a general
picture of where the modified epoxy polymers developed in the present study stand.
It can be seen that the majority of the commercial epoxies have values of GIc and Gth
that are less than 2000 and 300 J/m2, respectively. Apart from the modified epoxy
polymers developed during the course of the present study, see Table 12.1, the only
exceptions to this statement are the ‘XD4600’ (‘u’) and its variant ‘LMD1142’ (‘w’)
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adhesives in Figure 12.2. The latter is rarely employed due to cost considerations [193]
and clearly two examples of the modified epoxy polymers developed and studied in the
present research have improved cyclic-fatigue properties compared to the commercial
adhesives.
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Figure 12.2: Quasi-static and fatigue fracture properties of a selection of the modified epoxy polymers
developed in the present study in comparison to commercial epoxies.
Table 12.2: Legend to Figure 12.2.
a−‘Multibond 330’, Loctite, Du¨sseldorf, Germany [177] m−‘FM73M’, Cytec, Woodland Park, USA [172]
b−As above n−“Proprietery film” [183]
c−‘Cybond4523GB’, American Cyanamid, Wayne, USA [176] o−‘FM73M’, Cytec, Woodland Park, USA [172]
d−‘AW106+HV953V’, Ciba Geigy, Salt Lake City, USA [173] p−‘EA9628(NW)’, Hysol Dexter, Du¨sseldorf, Germany [175]
e−As above q−‘AF-163-2M’, 3M, St. Paul, USA [170]
f−As above r−‘AF-163-2OST’, 3M, St. Paul, USA [174]
g−‘AV119’, Ciba Polymers, Duxford, UK [152] s−‘FM73M’, American Cyanamid, Wayne, USA [182]
h−‘Terokal4500-34’, Teroson, Du¨sseldorf, Germany [150] t−‘XD4600’, Ciba Polymers, Duxford, UK [179]
i−‘EC3445’ 3M, St. Paul, USA [171] u−‘XD4600’, Ciba Polymers, Duxford, UK [150]
j−‘4500B’ Teroson, Du¨sseldorf, Germany [179]. v−“Toughened Epoxy” [169]
k−As above w−‘LMD1142’, Ciba Polymers, Duxford, UK [152]
l−As above
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12.2 Recommendations for Future Work
Based upon the results from the present study, some areas of further investigation are
recommended below.
Since fumed silica was readily incorporated in the unmodified epoxy polymer, the
influence of such nano-particles was investigated only briefly in the present study.
However, the influence of the tougheners on the epoxy polymer frequently appeared to
be affected by the presence of the fumed silica. Therefore, it would be worthwhile to
investigate the effects of the fumed silica, as well as the influence of the tougheners, on
a pure epoxy polymer (i.e. without any fumed silica present).
The hybrid toughened epoxy polymers in the present study employed two types of
rubbery tougheners. It would, therefore, be of interest to investigate modified epoxy
polymers that contain both rubbery and glassy nano-particles.
Under quasi-static loading, it has been shown that increasing the failure strain while
maintaining a sufficient yield stress of the modified epoxy polymer is important when
the plastic void growth mechanism is operative. However, there was commonly a trade-
off between these two properties. Identifying a combination of tougheners that provide
both a relatively high failure strain and sufficient yield stress would be another aspect
for further investigation.
Under cyclic-fatigue loading, where the applied strains are relatively low, agglomeration
of the core-shell rubber particles was found to be beneficial. Especially at the threshold,
the applied strains were insufficient to cavitate nano-sized particles when they were well
dispersed. On the other hand, agglomerates act as single micrometre-sized particles
that require relatively smaller strains for cavitation. Therefore, it would be beneficial to
understand the chemistry needed to control the agglomeration of the particles, whilst
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ensuring that these agglomerates are significantly smaller than the plastic yield zone
size, which is also an important requirement.
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